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This thesis presents experimental investigations on a promising two 
dimensional carbon material – graphene and its chemical derivatives. Both the 
band structure and their magnetic/electronic properties are characterized by 
complementary techniques, including angle-resolved photoemission 
spectroscopy (ARPES), superconducting quantum interference device (SQUID) 
and physical property measurement system (PPMS) measurements, as well as 
a wide range of surface analytical techniques. The first part of this thesis aims 
for a comprehensive understanding of the many-body interaction mechanisms 
which perturb the bare graphene band structure. The second part of the thesis 
is devoted to chemically modified graphene via hydrogen plasma treatment 
and surface modification with high work function metal oxide – molybdenum 
tri-oxide (MoO3).  
The band structure of exfoliated bilayer graphene was characterized by 
ARPES measurements on charge neutral bilayer graphene on a highly doped 
Si substrate. Full band mapping of pristine bilayer graphene was acquired 
revealing the absence of a band-gap between the π and π* bands. In such 
undoped and gapless exfoliated bilayer graphene, the marginal-Fermi liquid 
quasi-particle behavior was observed where the self energy varies linearly with 
the binding energy.  
Chemical modification of graphene in this thesis refers to partial 
hydrogenation and surface modification with a thin film of MoO3. 
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Ferromagnetism was detected in epitaxial graphene by SQUID measurements 
after partial hydrogenation. The origin of this hydrogenation induced 
ferromagnetism was systematically investigated by high resolution electron 
energy loss spectroscopy measurements and near-edge X-ray absorption fine 
structure studies. The ferromagnetism was suggested to be induced by the 
formation of unpaired electrons, together with the remnant delocalized π 
bonding network existing in the partially hydrogenated epitaxial graphene.  
Effective surface hole doping of epitaxial graphene using a high work 
function transition MoO3 thin film was demonstrated by photoemission 
spectroscopy investigations. The large work function difference between 
MoO3 and epitaxial graphene drives the spontaneous electron transfer from 
graphene to the MoO3 thin film upon deposition, resulting in a hole 
accumulation layer in graphene. As revealed by ARPES, this effective surface 
transfer p-type doping of epitaxial graphene resulted in a Fermi level shift to 
0.38 eV below the graphene Dirac point.  
The hole doping effect of the MoO3 thin film was confirmed by electrical 
transport measurements on Hall-bar patterned, mechanically exfoliated, 
graphene devices. According to PPMS measurements, MoO3 modified 
graphene retains its high charge carrier mobility, facilitating the observation of 
the quantum Hall effect. By performing an in-situ ultraviolet photoelectron 
spectroscopy study, we also found that air exposure of MoO3 modified 
graphene significantly reduces the doping efficiency.  
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Group IV elements are amongst the most intriguing elements in the Periodic 
Table. They have generated considerable impact on the semiconductor physics. 
For example, the operation of every computer chip today - the creation of the 
globalized world, relies on the properties of the “electronic flatland” at the 
interface between silicon (Si) and its oxide. Therefore, the so-called “silicon 
age” dominated the last half of the 20th century and extends to this very day. 
Graphene - a two dimensional (2D) allotrope of carbon (another group IV 
element) – was predicted long before 2004. But its isolation in 2004 for the 
first time triggered world-wide interest, drawing even more attention than Si.  
Graphene – an atomically thin layer of carbon atoms arranged in a 
honeycomb lattice structure - was first isolated in the year of 2004 by A. 
Geim’s group utilizing the mechanical exfoliation method1. This is the first 
time a single layer of two-dimensional atoms was realized in the lab. In the 
same year, W. A. de Heer2 succeeded in growing large areas of graphene by 
thermal heating of silicon carbide (SiC). Though strictly speaking epitaxial 
graphene is pseudo-2D as it is coupled to the SiC substrate, it is suitable for 
mass-production in industrial applications. The success was then followed by 
an exciting and fruitful period of academic research on this material3-8. Since 
then, graphene has emerged as an attractive material for both studies of low 
dimensional physics as well as for various applications. Mechanically, 
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graphene is the thinnest material, yet it has the strongest bond in nature with a 
remarkably high Young’s modulus9. From the electronic point of view, charge 
carriers in graphene can be tuned continuously from electrons to holes across 
the Dirac point by applying an external electrical field1,7. Around this Dirac 
point, graphene has non-zero conductivity regardless of the charge carrier 
concentration10. Other intriguing aspects of its electronic properties include the 
non-integer anomalous quantum Hall effect and Klein tunneling effect11,12. All 
these electronic features reveal a new field of physics research and open new 
perspectives for carbon based electronics. Even within seven years of its 
discovery, graphene has been one of the most popular materials and won Geim 
and Novoselov the Nobel Prize in physics in 2010. In spite of this, more 
research is required to investigate its unique properties, the underlying physics, 
as well as exploring applications leveraged by the outstanding properties of 
graphene and its chemical derivatives. To realize its electronic applications, it 
is important to understand its band structure, and the effects of many-body 
interactions in particular. While the electronic properties of graphene have 
been widely investigated, fewer studies have been devoted to its magnetic 
properties. In this thesis, pure graphene and graphene with chemical 
modifications are addressed from the perspective of their band structure and 





1.1 Carbon in two dimensions: background and literature review 
1.1.1 Carbon family and history of graphene 
Graphene, being a planar structure, is a truly two dimensional material. It 
is the “building block” of other carbon family members7: graphene can be 
wrapped into zero dimensional buckminsterfullerene, or “buckyballs”; it can 
also be rolled up into one dimensional carbon nanotubes which have been 
extensively investigated for device applications in the last two decades13,14; the 
three-dimensional graphite used in pencils can also be realized by simply 
stacking graphene sheets15. All of these carbon materials have been used in 
many applications much earlier before graphene emerged, yet many of their 
electronic and magnetic properties originate from the properties of graphene. 
Indeed, graphene has been theoretically studied to describe other carbon-based 
materials for around sixty years16-18 before it became a reality.  
The isolation of graphene is indeed a surprise to condensed matter 
physicists as graphene was described as an “academic” material and presumed 
not to exist in nature. Two dimensional crystals such as graphene were 
believed to be thermodynamically unstable and unable to exist in nature19,20. 
This argument was further developed by Mermin21 in the late 1960s, when 
numerous attempts at obtaining two dimensional crystals failed. However, half 
a century later in 2004, Geim and his team managed to isolate such crystals by 
micromechanical cleavage1,10. This relatively simple technique involves 
repeated peeling off three-dimensional graphite. Since graphene layers which 
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form graphite are only weakly coupled, it is possible to use this top-down 
approach effectively. Taking advantage of the same method, the team has also 
managed to obtain free-standing two dimensional crystals of other materials 
such as single-layer boron nitride22,23, henceforth dispelling the idea that 
two-dimensional crystals cannot exist stably under ambient conditions. The 
most astonishing thing is that these two-dimensional crystals were found not 
only to be continuous but also of remarkably high crystal quality1,10,11,24,25. 
This has sparked a flurry of experimental activity making graphene one of the 
hottest topics in physics in recent years, and a graphene “gold rush” has started 
since then. 
1.1.2 Electronic properties of graphene 
The discovery of both single-layer graphene (SLG) and bilayer graphene 
(BLG) has revolutionized the physics of low dimensional systems1,11,26 and led 
to novel nanoscale device applications. Within the last seven years, it helped 
create one of the most successful interdisciplinary research efforts driven by 
graphene’s outstanding electronic, chemical, optical, and mechanical 
properties. In graphene, each honeycomb structure consists of two equivalent 
carbon sublattices, A and B, which are shown in Fig. 1.1a. The quantum 
mechanical hopping between those sublattices leads to the formation of its 
unique band structure which will be discussed later. Every carbon atom has 
three nearest neighbors with an interatomic distance of 1.42 Angstrom and has 
one s and three p orbitals27. The s and 2 in-plane p orbitals are sp2 hybridized 
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and do not contribute to its conductivity. The remaining perpendicular p 
orbital is odd under inversion in the plane and hybridizes to form valence and 
conduction bands, as shown in Fig.1b. Because the two sublattices give 
different contributions in the quasi-particles’ make up, a pseudo-spin8 is 
defined for the relative contribution of the A and B sublattices12,28.  
 
Figure 1.1 | Crystal and band structure of graphene. a. Two equivalent sublattices in 
graphene crystal structure; b. Illustration of valence and conduction band in single layer 
graphene (reprinted with permission from Ref. [6]).  
 
Band structure 
The primary shape of graphene band structure consists of two conical 
valleys that touch each other at the K symmetry points in the Brillouin zone, 
called Dirac point. Around this point, the energy varies linearly with the 
magnitude of momentum, as shown in Fig. 1.2. From a purely basic science 
point of view, the massless, chiral, Dirac-like electronic spectrum of single 
layer graphene with two linear energy bands touching each other at a single 
point has led to the observation of many exotic phenomena3.  
Bilayer graphene differs from single layer graphene by only one 
additional layer, but adds an entirely new range of quantum phenomena based 
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on the massive nature of its chiral Dirac fermions3,29-35. The spectrum of 
bilayer graphene is made out of four massive Dirac bands (two conduction 
bands, two valence bands) which are the result of the broken sublattice 
symmetry generated by the rotation of sixty degrees of one layer with respect 
to the other (the so-called Bernal structure) 3. As in the case of single layer 
graphene, the spectrum is gapless, but the bands are hyperbolic in accordance 
with low energy Lorentz invariant theory (the energy-momentum relation is 
given by 2 2 2( ) ( )k vk mv    where v is the Fermi-Dirac velocity, k is the 
2D momentum, and m is the “rest” mass). In contrast to single layer graphene, 
the absence of a gap in BLG is entirely due to an accidental degeneracy. Thus, 
a perpendicular electric field can be used to further lift the degeneracy 
between the two layers and hence open an energy gap29,36.  
The origins of those outstanding properties of both single layer graphene 
and bilayer graphene can be explored from graphene’s unique crystal and 
electronic band structure, where bare band dispersion can be described by the 
tight-binding model. However, many-body interactions, comprising of 
electron-electron, electron-plasma, electron-phonon interactions, could modify 
the single particle picture and renormalize the bare band structure37. This being 
the case, the band structure of graphene would be altered. Taking advantage of 
angle-resolved photoemission spectroscopy, the band structure can be plotted 
in detail and used to investigate the role of many-body interactions in 




Figure 1.2 | Energy-momentum dispersion spectrum for single layer graphene (A), bilayer 
graphene (B) and tri-layer graphene (C) (reprinted with permission from Ref. [30]).  
 
Nonzero conductivity 
     Graphene exhibits unique transport properties, especially the nonzero 
conductivity at the Dirac point regardless of its carrier concentration. More 
intriguingly, graphene can maintain its high mobility, up to 200,000 cm2V-1s-1 , 
in mechanically exfoliated graphene (ExG)38, regardless of electron or hole 
carrier type under ambient conditions7. Thus, charge carrier transport in 
graphene is ballistic with low backscattering, making it a potential high-speed 
electronic switch device. Another unique observation is that graphene has a 
non-zero minimal conductivity even at vanishingly low carrier concentrations. 
It was observed to exhibit values close to the conductivity quantum of e2/h per 
carrier type10. This minimal conductivity has been observed in both 
monolayer10 and bilayer graphene26. The existence of minimal conductivity 
also means that there is no strong localization in graphene and the material 
maintains metallic even in the limit where the concentration of its charge 
carriers turns to zero. 
Scientists have tried to explain the minimum conductivity at the Dirac 
point. One article about conductivity was published on Nature Physics by J. 
Martin et al.39. According to their results, disorder exists at the Dirac point 
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where the carrier density was zero. They mapped the spatial charge density 
variation, shown in Fig. 1.3, and obtained equal regions of electron-rich and 
hole-rich puddles which contribute to the minimum conductivity of graphene. 
In addition, they stated that, unlike non-relativistic particles, the density of 
states can be considered as non-interacting hole and electrons. This puddle 
theory may provide the most natural explanation for the minimal conductivity.  
 
Figure 1.3 | Spatial density fluctuations and electron/hole puddles39. a. Color map of the 
spatial density variations in the graphene flake when the average carrier density is zero. b, 
Histogram of the density distribution in a (reprinted with permission from Ref. [39]).  
 
Hall effect in classical physics 
    In the classical Hall effect, application of a magnetic field (B) 
perpendicular to both the electrical conductive sample plane and the flowing 
current direction (j) would result in the charge carriers (typically holes or 
electrons or both) experiencing a transverse magnetic force 40. Under this 
transverse magnetic force, the flowing charge carriers are deflected to the side 
edge of the conductor according to their charge type. The accumulated charges 
at the edges hence generate a potential perpendicular to both the current flow 
direction and the magnetic field applied. This electrical field (E) established 
by the accumulated charges balances the Lorentz force applied by the 
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perpendicular magnetic field, halting further deflection of the charge carriers. 
Illustration of the above described classical Hall effect is shown in Fig. 1.4. 
 
Figure 1.4 | Illustration of classical Hall effect under a transverse magnetic field. 
 
In the classical Hall effect the Hall resistance is simply proportional to the 
magnetic field. However in the quantum Hall effect (QHE), the Hall resistance 
is quantized and increases only in packets of h/υe2 as the magnetic field is 
increased, where h is Planck constant, υ is an integer, and e is the electron 
charge10,26. As is now well known, graphene has a peculiar quantum Hall 
Effect: from the tight-binding calculation, the single layer graphene Landau 
energy17 is 
        
22 ( 1/ 2 1/ 2)v FE e B v                      (1.1) 
When a perpendicular magnetic field is applied to graphene, its Landau energy 
will change and periodically coincides with the Fermi energy, leading to the 
conductivity oscillation and giving rise to the quantum Hall effect.  
In single layer graphene the quantized conductivity 
is 24 / ( 1 / 2)e h N  instead of 24 /e hN . This is due to the zero-energy states in 
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massless Dirac fermions11. This differs from conventional semiconductors, 
where zero-energy states are absent in their parabolic bands. In most cases, all 
Landau levels have the same degeneracy which is proportional to the magnetic 
flux through the system. However for massless Dirac fermions, the 
zero-energy Landau level has half the degeneracy of any other level. Therefore, 
the presence of such a zero-energy Landau level in graphene leads to this 
anomalous QHE with half-integer quantization of the Hall conductivity, as 
opposed to an integer quantization. This anomalous QHE serves as a strong 
piece of evidence for the existence of Dirac fermions in graphene10,11. 
Unlike other metals whose quantum Hall effect can only be observed at 
low temperature, QHE of graphene persists even at room temperature 
revealing the extremely good electronic quality of graphene 41. This extends 
the previous temperature range for QHE by a factor of ten. QHE is absent in 
conventional semiconductors above 30 K as thermal fluctuations overwhelm 
the relatively small quantum effects. In fact, QHE can survive in high-quality 
graphene at ambient conditions due to the following factors: vanishing 
effective mass of the conduction electron, the high carrier concentration as 
well as its high mobility at room temperature. 
Bilayer graphene, on the other hand, provides an opportunity to study 
chiral particles with a parabolic energy spectrum12,26,30. For two carbon layers, 
the nearest-neighbor tight-binding approximation predicts a gapless state35. In 
this state, the parabolic bands touch at the K and K′ points. By theoretical 
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calculation, it was found that the number of states with zero energy is twice 
that of monolayer graphene. Therefore the conductivity near n = 0 is twice that 
of the other Landau levels. As a result, QHE for bilayer graphene was found to 
be different from both monolayer graphene and conventional semiconductors26. 
It has also been shown that we can dope bilayer graphene to break the 
symmetry of the two layers to obtain an energy gap, leading to a normal 
quantum hall effect26. 
 
Figure 1.5 | Quantum Hall effect in monolayer graphene (a) and bilayer graphene (b) 
(reprinted with permission from Ref. [6]).  
 
Suppressed weak localization 
There is constructive quantum interference between time-reversed 
trajectories which increases the resistance. However, if a small perpendicular 
magnetic field is applied to the solid, we can break the time-reversal symmetry 
and, as a result, induce negative magnetoresistance. At low temperatures all 
metallic systems with high resistivity should show large quantum-interference 
(localization) magnetoresistance and eventually undergo a metal-insulator 
transition. However, we cannot observe this weak localization in graphene42-45, 
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i.e. weak localization is suppressed in this two-dimensional material. Even 
where resistivity is the highest, no magnetoresistance has been observed down 
to liquid helium temperatures. At higher temperatures, graphene becomes a 
good metal. Universal conductance fluctuations were found to be normal in 
this range but weak localization magnetoresistance remains strongly 
suppressed43. It has been proposed that weak localization magnetoresistance 
can be used as an indicator of the quality of graphene42-44,46.  
This unexpected observation of strongly suppressed weak-localization 
magnetoresistance is proposed43 to be attributed to mesoscopic corrugations 
(ripples) of graphene sheets which cause a dephasing effect similar to that of a 
random magnetic field. Another attempt to explain this is that trigonal warping 
or topological defects (which break the symmetry of the Fermi line in each 
valley) of graphene Fermi surfaces suppresses the anti-localization43,47, which 
is expected due to the chiral nature of the quasiparticles in graphene.  
 
1.2 Objective and scope of this thesis 
In the first part of this thesis, the main focus is to explore the band 
structure of graphene using angle-resolved photoemission spectroscopy. The 
many-body interactions in bilayer ExG will be analyzed as an emphasis. The 
effect of various chemical modifications on the electronic, magnetic, and 
transport properties of graphene will be investigated in detail in the second 
part of this thesis.  
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The thesis is organized as follows: Chapter 2 introduces various methods 
of growing graphene, as well as an overview of experimental techniques used 
in this thesis. Experimental results are presented in Chapter 3 to Chapter 6. 
Chapter 3 presents the band structure studies on mechanically exfoliated 
bilayer graphene, where a non Fermi-liquid behavior was observed and 
extrapolated from a quantum criticality point of view. In chapter 4, the 
ferromagnetism observed in partially hydrogenated epitaxial graphene is 
reported. Synchrotron-based near-edge x-ray absorption fine structure and 
high resolution electron energy loss spectroscopy measurements were used to 
investigate the hydrogenation mechanism on epitaxial graphene, as well as to 
understand the origin of room temperature ferromagnetism. Chapter 5 presents 
the surface transfer hole doping of epitaxial graphene using high work 
function metal oxide (in our case molybdenum trioxide thin film) where the 
p-doping effect was examined by photoemission measurements. Moreover, we 
observed a thickness-dependent ferromagnetism in this MoO3 doped epitaxial 
graphene by performing magnetic measurements. These unique features 
induced by MoO3 modification of graphene were further discussed in Chapter 
6 by transport measurements, where the techniques used for fabrication of 





2.1 Preparation of graphene 
2.1.1 Micromechanical exfoliation 
Despite its simplicity, micromechanical exfoliation from graphite 
discovered by A. Geim’s group in 20041 was the first effective method to 
isolate graphene. Due to its high quality and easy patterning for transport 
measurements, ExG has been extensively used especially for academic 
research since its discovery. In graphite, carbon atoms in each layer are 
covalently bonded to three other surrounding carbon atoms. However, those 
layers are only weakly coupled to each other by Van der Waals forces. The 
weak coupling in the vertical direction makes it possible to isolate one single 
layer of graphene out of the three-dimensional graphite using scotch tapes.  
Details of this method are described as follows48: A small piece of 
graphite flake was pulled out and placed gently on the tape; then the scotch 
tape was folded and peeled repeatedly until a faint patch was seen. After that, 
this part of the tape was carefully transferred to a 300 nm SiO2 coated Si. This 
300 nm thickness of SiO2 is specially required for a high optical contrast for 
graphene imaging49, as well as for convenient transport measurements1,10,11. 
The graphene sheet, usually with the size of several tens micrometers, can be 
identified from its optical contrast under the microscope, as shown in Fig. 2.1. 
The thickness of SiO2 will be adjusted to meet different experimental 
15 
 
requirements, such as to increase the substrate conductivity in the 
angle-resolved photoemission spectroscopy measurements presented in 
Chapter 3. 
 
Figure 2.1 | Optical contrast of exfoliated graphene with different layers (reprinted with 
permission from Ref. [50]). 
 
2.1.2 Thermal decomposition of SiC 
In the same year as the discovery of ExG, Walt de Heer and his team 
members succeeded in growing graphene in large sizes by a thermal 
decomposition method2,51: The semiconducting SiC substrate was heated 
gradually in an ultra-high vacuum (UHV) chamber up to 1200°C until the 
silicon started to evaporate, at which point the remaining carbon on top of the 
substrate nucleated into a graphitic film. Since epitaxial graphene (EpG) has 
larger mm-scale domain sizes with a flat supporting semiconducting (if doped) 
SiC substrate, it can be conveniently characterized by scanning tunneling 
microscope (STM), angle-resolved photoemission spectroscopy (ARPES) 
Raman spectroscopy and low electron energy diffraction (LEED) 52. Figure 2.2 
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shows the STM and LEED images performed on EpG in de Heer’s 
experiments30. One main advantage of EpG over ExG is that it can be grown 
in large wafer size, suitable for large-scale device fabrication. 
 
Figure 2.2 | LEED (a) and corresponding STM image (b) of epitaxial graphene (reprinted 
with permission from Ref. [30]). 
 
2.1.3 Chemical vapor deposition 
Though large area graphene can be achieved from thermal heating of SiC 
wafer, the cost of this method is relatively high due to the expensive SiC 
substrate. Physicists and chemists have been exploring low-cost methods to 
produce large area graphene and chemical vapor deposition (CVD) is one of 
them. CVD graphene growth can be achieved by the flow of hydrocarbon 
(such as methane) and hydrogen gases over a metal film (such as nickel or 
copper substrate), which acts as a catalyst at ambient pressure53-55. Under 
optimal conditions, CVD graphene can be grown in a continuous wafer-size 
thin film with low density of defects. Similar to ExG, CVD graphene can be 





2.2 Experimental techniques for spectroscopic studies  
2.2.1 Ultraviolet photoemission spectroscopy and X-ray 
photoemission spectroscopy 
Surface transfer doping of high work function material on graphene 
samples conducted in this thesis involves interfacial charge transfer doping 
and band bending at the interface. These can be monitored in-situ by 
photoemission spectroscopy (PES), which is an established experimental tool, 
extensively used in surface science investigations. A schematic of PES is 
shown in Fig. 2.3 and the physical principle behind is described as follows: 
photons of light directly transfer their energy hν to electrons within an atom, 
resulting in the emission of the electron without energy loss, which can be 




                 
kin B sampleE h E  
                
(2.1), 
where Ekin is the kinetic energy of the emitted electrons above vacuum level, 
EB corresponds to the electron binding energy difference relative to the 





Figure 2.3 | Example of a typical PES spectrum showing the various energy levels. The 
inset displays the schematic of photoelectron emission process in a PES experiment 
(reprinted with permission from Ref. [56]).  
 
Typical set-up for PES measurements comprises a light beam (rare gas 
discharges, Al or Mg Kα X-rays, and monochromatized synchrotron radiation), an 
electron energy analyzer, and a data collection system. Depending on the photon 
energy of the radiation source, PES can be divided into two main categories, 
namely ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron 
spectroscopy (XPS). Relatively low photon energy in the ultraviolet range (<100 
eV) is required for UPS to effectively ionize valence electrons from the outermost 
energy levels. On the other hand, higher soft X-ray photon energies are used in 
XPS to study core-level excitations (100-2000 eV). During the measurement, the 
sample to be analyzed is placed in a vacuum chamber and irradiated with 
photons lying in the UV or X-ray energy range.  
Utilizing ultraviolet light sources, UPS probes the kinetic energy of 
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emitted photoelectrons in the shallow valence region and enables the 
investigation of valence band states, as shown in Fig. 2.4. In this study, 
energy–level alignment is established by UPS, from which important 
parameters such as the work function of graphene and surface-modified 
graphene are derived. From the typical PES spectrum shown in Fig. 2.3, the 
left low kinetic energy part corresponds to the secondary-electron region, and 
the right high kinetic energy part is the valence region. We can derive the 
work function as follows: 
, ,( )Fsample kin E kin SECOh w h E E            (2.2), 
where Ekin, EF and Ekin,SECO represent the kinetic energy of the sample Fermi 
level and the secondary-electron cut-off (SECO), respectively, and the 
spectrum width, w, corresponds to the kinetic energy difference between EF 
and SECO. It is noticed that in order to overcome the work function difference 
between the spectrometer and the sample, a negative sample bias is usually 




Figure 2.4 | Schematic diagram of UPS and XPS57. 
In contrast to UPS, XPS probes core-level states at higher binding 
energies, as shown in Fig. 2.4. The atoms on the surface emit electrons 
(photoelectrons) after direct transfer of energy from the photon to the 
core-level electron. These electrons are subsequently separated according to 
their kinetic energy and counted in the spectrometer. From Fig. 2.4, the kinetic 
energy peak can be used to calculate the electron binding energy using the 
equation: 
          B X ray kin spectrometerE E E  
                
(2.3), 
where Φspectrometer is the work function of the spectrometer. The energy of the 
photoelectrons is related to the atomic and molecular environment, while the 
number of the emitted electrons is related to the concentration of the emitting 
atoms in the surface. Therefore, XPS is an information-rich method, providing 
both qualitative and quantitative information on all the elements present. 
Utilizing XPS, the chemical composition of the sample can be determined 
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since the binding energy of an electron is characteristic of the element, orbital 
and chemical environment. In our experiments, XPS is mainly used to explore 
the chemical shifts in binding energy of the sample after the surface 
modification process. 
 
2.2.2 Near-Edge X-ray Absorption Fine Structure measurements 
While UPS and XPS offer an experimental approach to the occupied 
electronic states, NEXAFS (near edge X-ray absorption fine structure) is 
widely used to probe the unoccupied electronic states57. As shown in Fig.2.5, 
the X-ray absorption process comprises two steps57: The first is the absorption 
of X-ray radiation by an atom in a condensed medium, causing the excitation 
of a core electron (initial state) into an unoccupied final state. The resulting 
core hole is then subsequently filled by an electron from the outer shell level 
and creates an Auger electron or an emission of a fluorescent photon, resulting 
in interference effects which modulate the X-ray absorption observed. The 
density and the nature of the unoccupied final states hence dominate the 
measured NEXAFS spectrum, and have a very important effect on the 
intensity.  
As shown in Fig. 2.5, an X-ray absorption spectrum is measured by 
sweeping the incident photon energy (Fig. 2.5) across the absorption edge of 
the element studied. The NEXAFS region refers to the structure close to the 
X-ray absorption edge (10-50 eV). The higher energy extended region (from 
hundred to thousand eV) is known as the extended X-ray absorption fine 
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structure (EXAFS) region that exhibits weak oscillations due to interference 
between back-scattered electron waves with forward-propagating electron 
waves. In this study, we focus on the NEXAFS region. A NEXAFS spectrum 
can be recorded in different modes: the Auger electron yield (AEY) mode by 
recording the flux of electrons from the Auger process, the fluorescent yield 
mode by monitoring the emitted photons, the total electron yield (TEY) mode 
by detecting the sample current, and the partial electron yield (PEY) by using 
an electron yield detector. In this thesis, TEY mode is used to record the 
NEXAFS spectrum, where the sample is connected to ground and the 
neutralization current is measured. 
 
Figure 2.5 | X-ray absorption spectrum including both NEXAFS (low energy region) and 
EXAFS (high energy region) (reprinted with permission from Ref. [59]).  
 
NEXAFS reveals the details of the final density of states, the transition 
probability, resonance, as well as many-body effects. Hence, the NEXAFS 
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measurements are able to study buried atoms due to the integration over all 
final states including inelastic scattering electrons. In addition to being 
element specific (as every element has its specific absorption energy edge), 
NEXAFS measurements are highly sensitive to bond angles, bond lengths, and 
the presence of absorbates.  As such, NEXAFS is particularly useful for the 
study of chemisorbed molecules on surfaces. In this study, NEXAFS is used to 
measure the intensity due to extensive π bonding network in graphene before 
and after hydrogen plasma treatment. It is noted that, since NEXAFS 
measurements require an intense and continuously tunable radiation source, a 
synchrotron facility is required for measurements.  
2.2.3 Angle Resolved Photoemission Spectroscopy 
Angle-resolved photoemission spectroscopy (ARPES) will be 
emphasized here as it is the primary technique used for graphene band 
structure characterization in this thesis. The spectral function provided by 
ARPES58,60,61 is a fundamental quantity in many-body physics that provides 
energy and momentum space information about the occupied and unoccupied 
single-particle states. Therefore, ARPES is a valuable tool for observing the 
electronic structure of materials, and has provided insights into the physics of 
many important materials, including two-dimensional graphene. As with XPS, 
ARPES makes use of the photoelectric effect. Figure 2.6 illustrates the layout 
the ARPES measurements. The basic principle behind ARPES, the energy 




Figure 2.6 | Layout of ARPES measurements. Top right: A cartoon of the photoemission 
process and experimental setup of ARPES experiments. Left: The geometry of the electron 
detector showing the energy filtering process. Bottom right: Sample ARPES spectra in 
energy-momentum space62.  
In addition to energy conservation, the law of conservation of momentum 
is also relevant to the photoemission process as follows60,61: 
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(2.3). 
Here, ki and kf refer to the initial and outgoing momentum of the electrons 
respectively. Thus, with the momentum data collected by the ARPES detector, 
we are able to discern the momentum of the electrons inside the solid, in the 
plane parallel to the surface of the solid. For two-dimensional materials such 
as graphene, we can neglect the momentum along the perpendicular direction 
which simplifies the analysis process37,63. Applying both momentum and 
energy conservation, we can deduce information about the electron initial 
momentum, energy, as well as underlying electronic structure. When the 
electronic system cannot be accurately described by conventional band theory, 
ARPES can also probe the many-body interactions that interfere with the bare 
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band dispersion. In Chapter 3 we will highlight the significance of ARPES in 
our studies of the bilayer graphene band structure. 
2.2.4 Electron Energy Loss Spectroscopy 
Electron energy loss spectroscopy (EELS) was first developed as a 
surface probe by Ibach and his coworkers in the early 1970’s64. The 
operational principle of EELS is explained as follows65: When a 
mono-energetic electron beam is incident on a specimen some of the electrons 
are elastically scattered. But a portion of the electrons are inelastically 
scattered and lose some energy due to interactions with the specimen. After 
transmission/reflection through the sample surface, electrons emerge with an 
energy distribution (the energy-loss spectrum) that is characteristic of the 
material. The elemental composition and atomic bonding state hence can be 
determined by analyzing the energy spectrum recorded. EELS is sensitive to 
submonolayer amounts of absorbates possessing relatively weak dynamic 
dipoles that cannot be detected by other techniques; therefore it is widely used 
for surface analysis. 
 




The loss of electron energy occurs due to inelastic scattering caused by 
both inner-shell and outer-shell (conduction and valence) electrons. The 
outer-shell excitation involves the generation of plasmons and gives rise to 
several peaks in the energy range of 5 eV to 35 eV. In contrast, inner-shell 
excitations give rise to ionization edges at energies equal to the inner-shell 
binding energies, typically some hundreds to thousands of eV. Those edges 
allow the element in the EELS spectrum to be identified and their 
concentration to be estimated from the peak intensities. Furthermore, by 
examining energy losses at high resolution (in our case 10 - 15 meV) using 
high-resolution electron energy loss spectroscopy (HREELS), we can identify 
the vibrational modes of molecules on the surface in the low energy region 
(below 1 eV). In our experiment, we utilize HREELS to detect the presence of 
hydrogen atoms absorbed on graphene surface. 
2.2.5 Raman Spectroscopy 
Raman spectroscopy is an effective method to determine the number of 
graphene layers as well as the nature of their defects, regardless of the 
substrate and preparation methods. Therefore, it is the most widely used 
technique for graphene characterization. Raman spectroscopy relies on the 
inelastic scattering of electromagnetic radiation due to energy transfer between 
the incident photons and the molecules during their interactions66. When the 
electromagnetic radiation interacts with the molecule, an electron is excited 
from the ground state to a virtual energy state; it subsequently relaxes to an 
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energy state different from the initial energy state. If the energy of the resulting 
photon released from the relaxation from the virtual energy level is the same 
as the energy of the incident photon, there is no energy exchange and this is 
known as elastic Rayleigh scattering. On the other hand, if the energy of the 
resulting photon released from relaxation is less than, or more than, the energy 
of the incident photon due to relaxation to a different vibrational or rotational 
state, inelastic Stokes, or anti-Stokes, scattering is observed, respectively, as 
shown in Fig. 2.8. The molecule of interest must possess anisotropic 
polarizability, which must change with respect to the vibration coordinate in 
order to be Raman active.   
 
Figure 2.8 | Rayleigh scattering (Left), Stokes scattering (Middle) and Anti-Stokes 
scattering (Right). 
 
In graphene, there are 3 prominent bands in the characteristic Raman 
spectrum of graphene: the D-band due to lattice defects in graphene, the 
G-band due to in-plane vibration of the sp2 bonded carbon atoms, and the 




Figure 2.9 | Characteristic Raman spectrum of graphene with D, G and 2D peak. 
 
The intensity of the G-band essentially increases linearly with the increasing 
number of graphene layers50,67-69 with greater quantity of carbon atoms 
measured. The low intensity G-band, the sharp and symmetrical 2D-band, and 
the large intensity ratio of 2D-band over G-band (I2D/IG) serve as unambiguous 
identification of monolayer graphene68. As shown in fig. 2.10, the 2D peak of 
SLG is sharp and symmetric compared with other Raman spectra which is 
hence widely used to identify SLG. In addition to the difference of the 2D peak, 
the intensity of the Raman G peak increases almost linearly with the layer 
number.  
 
Figure 2.10 | Comparison between Raman spectra of increasing layers of graphene 




2.3 Experimental techniques for electronic and magnetic studies  
The techniques introduced in this section involve techniques related to 
the device fabrication and measurements of the graphene electronic and 
magnetic properties. 
2.3.1 Electron beam lithography 
The first transistor demonstrated in 1947 at Bell Labs was relatively 
large in size by today’s standards. The development of micro-lithography has 
revolutionized the electronics industry, enabling smaller, lighter and cheaper 
products to be produced. The core technique of nano-device fabrication lies 
in the lithography process, which involves a range of exposure sources, such 
as X-rays, light, e-beam, as well as ions. Among those methods, e-beam 
lithography (EBL) enables the fabrication of fine features down to 10 nm in 
size. EBL is a relatively useful and flexible method for fabricating a 
micro-size electronic device on a substrate70,71, and this is the primary 
lithography method utilized in this thesis. EBL uses electrons in the energy 
range between 10 keV to 100 keV which impinge on a well-defined area of 
the sample protected by a polymer resist. Using this technique, we can 
pattern the sample and contacts in the required shapes. Figure 2.11 illustrates 





Figure 2.11 | Schematic illustrations for standard e-beam lithography. 
 
After taking optical images, polymer resist was first spin-coated on the 
wafers with pre-deposited graphene flakes. The resist is a polymeric substance 
used to coat the sample surface for patterning, and changes its solubility 
properties when exposed to the electron beam72. In the work presented here we 
mainly used polymethylmethacrylate (PMMA), a positive resist which 
becomes more soluble in the developing mixture after exposure to the electron 
beam73. The unexposed areas of the PMMA resist remain intact on the surface 
of the silicon wafer. 
The lithography process was performed using a FEI Nova NanoSEM 230 
scanning electron microscope (SEM), shown in Fig. 2.12. A focused electron 
beam in high vacuum (~10-6 mbar) was scanned according to a pre-designed 





Figure 2.12 | Photograph and schematic75 of our scanning electron microscope (Nova 
NanoSEM 230). 
 
The graphene flake was fabricated in a Hall-bar geometry for electrical 
transport measurements. A layer of alignment markers was patterned first to 
locate the graphene flake precisely relative to the patterned grid markers. After 
the first layer of markers, the patterns were designed using the DesignCad 
software and loaded using the NPGS software into the SEM as “mask”, 
defining the specific features to be patterned onto the PMMA resist by the 
electron beam. After developing the samples in mixture solutions (MIBK:IPA), 
the silicon wafer was thermal evaporated by metal sources, namely adhesive 
chromium (Cr) 76, followed by gold (Au)76,77. Figure 2.13 shows a graphene 





     Figure 2.13 | Four steps of the graphene device fabrication process. 
 
A further step is required for Hall-bar pattern device with metal contact - 
plasma etching - which is used for graphene shape patterning. After metal 
lift-off, the sample was coated again with PMMA resist to pattern the etching 
regions defined for Hall-bar geometry using a second electron beam 
lithography process. The PMMA resist not exposed to the electron beam acts 
as an etch mask during the reactive ion etching (RIE) process under the 
exposure of ionized oxygen gases78,79. Figure 2.14 shows a sample before and 





Figure 2.14 | Comparison of a graphene device before (a) and after (b) RIE. 
 
2.3.2 Physical property measurement system 
The physical property measurement system® (PPMS) is an integrated 
facility invented by Quantum Design for electrical transport measurements 
with varying temperature and magnetic field80. The system consists of a 
superconducting magnet, a temperature control unit, a liquid helium dewar, 
physical property measurement system, and a control computer. The PPMS we 
used is based on a platform which includes automated temperature control in 
the range 1.9 K - 400 K, and magnetic field control up to 9 tesla (T). It is able 
to measure specific heat, thermal conductivity, Seebeck coefficient, AC 
resistivity, DC resistivity with sample rotation. The facility we used for 




Figure 2.15 | Physical property measurement system for electrical transport measurements. 
 
 
2.3.3 Superconducting Quantum Interference Device 
A superconducting quantum interference device (SQUID) is a very 
sensitive magnetometer used to measure relatively low magnetic fields, as 
well as extremely weak magnetization of a material, based on 
superconducting loops containing Josephson junctions81. The SQUID facility 
we utilize for experiments is also from Quantum Design Company, and this 
apparatus measures the magnetization with a temperature range from 2 K to 
400 K at a high sensitivity of 1×10-8 electromagnetic unit (e.m.u.) using the 
interference of two superconductive Josephson junctions. The SQUID system 











ARPES studies on mechanically exfoliated bilayer 
graphene 
 
In 2007 A. Lanzara claimed that they observed a band gap in epitaxial 
graphene of up to 260meV by ARPES63. This gap was assigned to the 
interaction between graphene and the underlying substrate. However, this 
claim was soon questioned by Eli Rotenberg’s group82. They assigned it to 
defects during growth instead of substrate influence. This debate continues and 
no definite conclusion has been made yet, mainly because epitaxial graphene 
is grown epitaxially on SiC and this makes it difficult to totally eliminate the 
substrate effect. The only way to solve this problem is to carry out ARPES 
measurements on free-standing graphene. Till now, there are only limited 
reports of μARPES (microprobe Angle-Resolved Photoemission Spectroscopy) 
measurements34 on mechanically exfoliated single layer graphene. The authors 
of Ref. 34 prepared micromechanically cleaved graphene flakes on Si/SiO2 
substrate as is typically done. While the 300 nm SiO2 provided high optical 
resolution for graphene layer identification, it induced charging and resulted in 
broadened photoemission features, which only allowed for an estimation of the 
band structure, especially around the Dirac point. Besides mechanically 
exfoliated graphene, recent ARPES studies on quasi-free-standing graphene 
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grown on the C-face of SiC83 and H-terminated SiC84 have also been carried 
out to approach electronically decoupled graphene layers. However, both 
studies focus on SLG. Thus until now very little is known about the spectral 
properties of the unperturbed, neutral BLG.  
It is critical to characterize the band structure of mechanically exfoliated 
graphene. In such samples, the weak Van der Waals force dominates the 
interaction between graphene and the Si/SiO2 substrate, ensuring that graphene 
is chemically isolated from the substrate. The main aim of this study is to carry 
out ARPES measurements and map the band structure of ExBLG. The 
experiments are performed so as to ensure the photoemission signal originates 
from undistorted graphene, allowing us to clarify the debate about the band 
gap opening in EpG. Another objective is to analyze many-body interactions 
by extracting the widths of momentum distribution curves (MDC). This study 
would provide a new method to investigate the band structure of graphene. 
More importantly, many-body interactions, including the electron-electron 
interaction, the electron-phonon interaction as well as the electron-plasma 
interaction, are analyzed at different binding energies. The many-body 
interactions, together with the tight-binding (TB) parameters fitted from our 
experimental results, are helpful for understanding the electronic structure in 






3.1 ARPES studies on mechanically exfoliated graphene on Si substrate 
with native oxide  
3.1.1 Sample preparation  
Graphene samples for the present work were prepared by conventional 
micromechanical cleavage method (see Chapter 2) on highly doped Si 
substrate (1-20 ohm-cm), with native oxide instead of 300 nm SiO2. This 
approach has two main advantages. First, similar to the conventional Si/SiO2 
substrates on which almost all graphene field effect transistors are fabricated1, 
graphene is only weakly coupled to the substrate. Hence, the effects of the 
graphene-substrate interaction are minimized. Second, the presence of a 
native (i.e. thin and leaky) oxide layer insures negligible charging effects 
during ARPES measurements. Our approach, therefore avoided the spurious 
line width broadenings due to photon induced charging observed in previous 
experiments with exfoliated samples on conventional (thick) Si/SiO2 wafers34. 
This allowed us to probe the intrinsic electronic properties of graphene at 
much greater resolution, enabling us to map the full band structure of BLG 
and its quasi-particle properties. However, in the absence of the thick SiO2 
layer, we can no longer effectively utilize the optical scanning method to 
identify graphene layers as pioneered in the first experiments1. While it was 
still possible to locate graphene with layer numbers of three and above, it was 
not possible to clearly identify single layer and bilayer graphene with the 
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much reduced contrast in these samples49. What remains visible was a faint 
contour of regions on the wafer which contain few layer graphene. Therefore, 
we first had to carefully map such regions with optical inspection and then 
use Raman spectroscopy 67 to further confirm the number of layers and their 
exact location on this substrate. The optical image of our graphene flake prior 
to ARPES measurements is shown in Fig. 3.1. The contrast from the contour 
containing bilayer graphene was barely visible even under the microscope and 
is indicated with the dashed- dotted line. The region has a size of roughly 50 
µm × 30 µm. The optical image of graphene and its Raman spectrum is shown 
in Fig. 3.1. The yellow dashed-dotted line in Fig. 3.1a encloses the area of 
BLG sample. The surrounding native oxide provides weak contrast for sample 
identification. Raman spectra were checked at the marked points to pre-screen 
BLG. The red crosses indicate points at which bare Si signals are observed, 









Figure 3.1 | Optical image and Raman spectrum of sample. a, Optical image of the sample 
region characterized by ARPES. Yellow dashed dotted line surrounds the area, which under 
optical inspection indicated the presence of few layer graphene. The native oxide does give 
much reduced contrast for layer identification. Markings on the picture indicate the 
positions at which Raman imaging has been performed: red triangles indicate the region 
where bilayer signal is observed; red crosses indicate the locations where a Si signal is 
observed. b, Raman spectrum of measured sample. The relative height of the 2D and G 
peaks as well as the peak width of 2D shows the bilayer graphene property.  
 
3.1.2 ARPES experimental details 
Angle-resolved photoemission measurements were carried out at the 
National Synchrotron Radiation Research Center in Hsinchu, Taiwan, using 
the U9-CGM spectroscopy beamline. All samples were annealed to 620 K for 
10 minutes before measurements at 65 K. The base pressure in the chamber 
was 7.5×10−11 Torr. The spectra were collected by a Scienta SES-200 
hemispherical analyzer with an angular resolution about 0.2◦, with a step of 
0.125◦ in the raw spectra. The polarization vector was always in the angular 
dispersive plane. The overall energy resolution was about 58 meV. 
Unlike epitaxial graphene in which crystal orientation is fixed to known 
substrate orientation and can be determined by LEED or STM prior to 
measurements85, this is more challenging in exfoliated graphene; here an 
iterative approach is required. This together with the experimental set up leads 
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to a small deviation of 8.5 degrees at 54 eV photon energy from the Γ-K-M 
direction in our measurements (marked as ′Γ′-K-′M′), as shown in the 
momentum space cut (Fig. 3.2). In hindsight, this accidental deviation from 
the Γ-K-M direction has been crucial to the analysis of the experimental results. 
It allows us to detect the much weaker band dispersion nearly along the K-M 
direction, essential for isolating different contributions to many-body effects 
from the overall scattering rate. We note that the measured narrow MDC width 
of 0.039 Å-1 in our BLG is comparable to that measured at EF of SLG reported 
in the literature, suggesting high quality of our data37,63. 
 
 
Figure 3.2 | Schematic of momentum space cut of ARPES measurements: the angle to the 
Γ-K-M direction is 8.5° and 9.5° for 54 eV and 83 eV, respectively. 
 
Figure 3.3 shows the photoemission intensity mapping and the first 
derivative of the band dispersion around the K point taken at two photon 
energies of 54 eV and 82 eV. While measurements at 54 eV enhance the outer 
band and suppress the inner band, measurements at 82 eV do the opposite 86,87. 
The derivative plots clearly demonstrate that our ExBLG sample is free from 
contributions of SLG and other few-layer graphene across the entire surface 
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area (≈ 50 μm × 30 μm).  
 
 
Figure 3.3 | Band dispersion of bilayer exfoliated graphene. a, False color plot of EDCs vs 
k|| at 54 eV photon energy. b, False color plot of EDCs vs k|| at 82 eV photon energy. c, First 
derivative plot of a. d, First derivative plot of b. The dashed lines are tight-binding fits to 
data. 
 
Due to the small deviation cuts in momentum space (Fig. 3.2), we can 
detect the band dispersion from the K-′M′ branch, however, with much lower 
intensity than the K-′Γ′ branch. The asymmetric intensity can be associated 
with interference effects from the dipole matrix element 87, which suppresses 
one branch of the bands. This is also reflected in the MDCs, as shown in Fig. 
3.4 in the vicinity of EF. Each curve, separated by 10 meV, can be identified as 
two interceptive peaks with different heights arising from the interference 
effect. As a guide to the eye, we connect the stronger peaks by a dashed line 
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and the weaker ones by the other. These two lines intersect at ED, which is 
aligned with EF. Such proximity of ED and EF demonstrates that our ExBLG is 
charge neutral and free of substrate doping. Moreover, there is no gap between 
the π and π* bands. These observations confirm that the interaction between 
ExBLG and the Si substrate is weak, which maintains the symmetry between 
the two layers. 
 
Figure 3.4 | MDCs around the Fermi energy. The stronger peaks are connected by a dashed 
line and the weaker ones connected by the other. 
 
3.1.3 Results and discussion 
To better explore the energy dispersion in ExBLG, we plot the constant 
energy surfaces of the ARPES intensity map in Fig. 3.5 along with the 




Figure 3.5 | False color plots of photoemission intensity in momentum space at various 
constant energies. a, 0 eV (Fermi level). b, -0.3 eV. c, -0.8 eV. d, -1.4 eV. There is only a 
point contact at the K point on Fermi surface. The dashed lines are tight-binding fits to data. 
 
The constant energy contours are used here to extract the TB parameters88 γ0, 
γ1, γ3, and γ4 (see Table 3.1). For comparison, we also list the corresponding 
parameters from previous works on epitaxial bilayer graphene (EpBLG) and 
graphite. All parameters are comparable to those reported in earlier work, 
except that the hopping integral between two layers γ1 reported in EpBLG 
(0.61 eV) is 25% larger than that reported in ExBLG (0.48 eV)86. We attribute 
the difference to the much smaller interactions with the SiO2 substrate which, 
in turn, reduces the distance between the two layers with enhanced interlayer 





Table 3.1 | Tight binding parameters (in eV) from the present and previous experimental 
works. 
TB parameters γ0 γ1 γ3 γ4 
Pres. work -3.21 0.61 0.39 0.15 
Prev. bilayer -3.032/-2.1686* 0.432/0.4886*   
Prev. graphite90 -3.16 0.39 0.315 0.044 
* Parameters by fitting ARPES dispersion of bilayer graphene grown on SiC substrate. 
 
Figure 3.6 shows the calculated density of states (DOS) based on the 
extracted TB parameters. We can see that the DOS at EF is finite, confirming 
the metallic behavior of BLG. Note that, on the other hand, SLG has a 
vanishing DOS at ED. The finite DOS in ExBLG is due to the quadratic 
dispersion close to ED. However, the DOS is linear away from ED. This 
implies that for BLG on a weakly interacting substrate, such as Si with native 
oxide, quadratic band dispersion is only valid in a small region in energy 
around the Dirac point. This result is in agreement with earlier cyclotron 
resonance experiments33. Notice that this implies that ExBLG can be 
considered a Lorentz invariant system in the “ultra-relativistic” limit (for 
k >>mv, we have k vk  ).  
 




So far, we have only considered the bare band dispersion; however, 
many-body interactions modify the single particle picture reflected in the 
spectral function for ARPES37: 
   2 2
Im ( , )
( , )




    
               (3.1),                   
where Re Σ(k,ω) and Im Σ(k,ω) refers to the real and imaginary parts of the 
self-energy, respectively. In the presence of many-body effects, ReΣ(k,ω) 
corresponds to the renormalization of band energy, and 2×ImΣ(k,ω) 
corresponds to the scattering rate, i.e. inverse lifetime. Figure 3.7 shows the 
energy distribution curves (EDCs) near the K point at 54 eV photon energy. 
The K-′Γ′ branch exhibits a phonon-induced feature at a constant binding 
energy near 0.2 eV leading to asymmetric EDCs37. It is remarkable to see its 
intensity relative to the main peak grow rapidly away from the K point. On the 
other hand, the same phonon-induced feature is almost absent along the K-′M′ 
direction and hence the EDCs appear symmetric and Lorentzian-like. This 
suggests that the electron-phonon coupling is anisotropic, robust along K-′Γ′ 
but absent along K-′M′.  
The inset of Fig. 3.7 shows the simulated spectral functions of an 
isotropic metallic system coupling to a single Einstein phonon with different 
coupling strength λ91,92. The analytic calculation qualitatively reproduces the 
observed trend on the increasing weight of a phonon induced “bump” feature 




Figure 3.7 | EDCs at 54 eV near the K point with each curve separated by 0.007 Å-1. The 
phonon induced bump is highlighted. The inset shows the analytical calculation of spectral 
functions with an energy scale normalized to an Einstein phonon ω0 with various coupling 
constants. 
 
Based on the previous discussion, we can thus assume that the 
electron-phonon coupling is negligible along the K-′M′ branch. The remaining 
contributions for self-energy along the K-′M′ branch are due to 
electron-electron (e-e) scattering and electron-impurity (e-im) scattering 
(electron-plasmon interactions are absent in charge neutral samples3,35), which 
we can express as: ' ' ' ' ' 'Im Im ImK M K M K Me e e im        . (Note that some 
contribution to electron-impurity scattering may come from rippling which 
mixes pσ and pπ bands3). The same holds for the K-′Γ′ branch but with the 
addition of the electron-phonon interactions: 
' ' ' ' ' ' ' '
Im Im Im ImK K K Ke e e im e ph
       
         . Figure 3.8.a shows the measured 
HWHM of EDCs (equal to ImΣ) after deconvoluting out the energy spread due 
to the instrument resolution and the overall angular spread. 
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In our analysis we focus on data of the outer π band with binding energy 
less than 0.6 eV to avoid Auger like inter-band e-e scattering which may 
complicate the interpretation. The data along the K-′M′ branch can be well 
fitted by a straight line (in blue):
 
' 'Im 1 /K M b    , where τ is a 
quasiparticle lifetime that we associate with the residual disorder in the system, 
and b is a constant93. We find that τ ≈ 10-14 s (ħ / 2τ ≈ 30 meV). Since the 
electron-impurity scattering rate is proportional to the density of states at the 
hole binding energy94, and the density of states in BLG is linear in energy, the 
electron-electron scattering rate would also be linear in energy95. Because of 
the same functional dependence with binding energy, it is not really possible to 
extract the individual contribution of each. This is the trademark of Dirac 
fermion behavior. On the other hand, Im ΣK-′Γ’ (extracted from MDC) has 
contributions coming from the electron-phonon interaction that produces a 
“bump” in the dependence with the binding energy (see Fig. 3.7). If we 
assume that electron-electron and electron-impurity interactions are the same 
along K-′M′ and K-′Γ′, then we can extract the contribution solely due to the 
electron-phonon interactions: ' ' ' ' ' 'Im Im ImK K K Me ph
    
     , as shown in the 
Fig. 3.8.b. This assumption is warranted by the fact that we expect the 
electron-electron and electron-impurity interactions to be short-range due to 
screening. Short-range interactions produce self-energy contributions which 
are very weakly dependent on momentum in the Brillouin zone. The resulting 





Figure 3.8 | Original EDCs at 54 eV photon energy and the extracted quasiparticle widths. 
a, Extracted imaginary part of self energy (HWHM) along both K-′Γ′ and K-′M′ directions. 
b, Electron-phonon interaction extracted from K-′Γ′ branch. 
 
In Fermi-liquid theory, the imaginary part of the self energy scales 
quadratically with energy ω. In our experiment, however, Im Σe-e is linear in ω, 
demonstrating neutral ExBLG should not be described by the Fermi liquid 
theory. Such a dependence of the self-energy with frequency is characteristic 
of theories involving competing orders close to quantum critical transitions97. 
Similar anomalous dependences in the self-energy are observed in 2D 
transition metal dichalcogenides where there is a quantum criticality 
associated with the competition between charge density wave (CDW) and 
superconductivity98. In the case of ExBLG, the system is unstable to gap 
opening when there is a difference between the numbers of electrons between 
the two layers: Δn = n1-n2. Hence, Δn is the order parameter that separates the 
metallic phase from the insulating phase. However, even at zero bias Vg=0, 
when Δn=0, and a gap is absent, the system can be considered quantum critical 
by tuning EF98, since the Dirac point separates a hole metal from an electron 
metal with the quantum critical phase described in terms of a Dirac liquid31. 
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Thus, the chemical potential and the bias voltage tune four types of phases: 
insulating, hole metal, and electron metal, with a Dirac liquid phase in 
between. This state of affairs is shown in Fig. 3.9 where the various crossover 
lines are sketched. As a result, BLG system is comparable with 2D quantum 
critical point and induces the non Fermi liquid behavior around the Dirac point 
in ARPES measurements. 
 
Figure 3.9 | Schematic phase diagram of bilayer graphene with temperature T and 
chemical potential μ. Δg specifies the gap. 
 
In our experiments, with supported samples, we do not see any direct 
evidence of a gap opening or a phase transition. Nevertheless, the anomalous 
broadening of the ARPES line width clearly indicates the presence of soft, low 
energy modes, which would be consistent with the proximity of a quantum 
critical point (QCP). The presence of the substrate has to clearly influence, via 
screening, the strength of the Coulomb interactions and hence moving the 




3.2 Approaches for ARPES measurements on mechanically exfoliated 
graphene with SiO2/Si substrate  
Though we succeed in measuring band structure of graphene with native 
oxide Si substrate, one main disadvantage of our method lies in searching and 
locating samples. Since the optical contrast of graphene flakes depends 
strongly on the thickness of SiO2 underneath49, we can barely see single or 
bilayer graphene on native oxide Si substrate with only few or tens of 
nanometers height of SiO2. Therefore, scratching graphene on conventional 
SiO2/Si is reconsidered. Different approaches to minimize the charging effect 
were carried out for ARPES measurements. 
Focussed ion beam (FIB) is capable of patterning the sample directly with 
conductive metals (Pt or Au) without complicated e-beam lithography 
procedures which could destroy the large flake sample (for example, the 
sample could roll up during the spin coating process). Taking advantage of this, 
one large size graphene flake was connected by Au lines to one chip corner by 
FIB, from where accumulated charges would have a conducting path to 
ground (Fig. 3.10). However, metal patterning for FIB takes a relatively long 
time and it is impossible to circle the entire graphene edges by metal that 
could cover the less interesting areas. For example in Fig. 3.10, a rather thick 




Figure 3.10 | FIB patterned graphene flake. Gold line is connected to one chip corner from 
where the electrons will be conducted to ground. 
 
In order to solve this problem, we had to decorate the graphene edges by 
a circle of Au which could reduce the charging effect as well as cover the other 
graphene/graphite flakes nearby. One simple method of covering the samples 
by aluminum (Al) foil was used while coating the sample with Au. This indeed 
could cover the whole surface with Au except the graphene area (Fig. 3.11). 
Nevertheless, as we handled the sample manually, scratches and dust would be 





Figure 3.11 | Graphene flake before (up) and after (down) metal coating by Al foil. After Al 
foil coating, the surface is very dirty, and some SiO2 substrate around graphene is not well 
covered. 
 
Finally, we managed to surround the graphene flake with silicon nitride 
(SiN) membrane which is transparent and flexible for helium ion microscope 
(HIM) patterning. SiN membrane was first patterned according to the shape of 
graphene and placed onto the sample carefully before metal evaporation. Due 
to the special design of the SiN membrane (the edges of the SiN membrane is 
supported by underlying Si substrate whereas the bulk SiN membrane is 
suspended), it was located hundreds of nm above the graphene surface which 
avoids direct contact between them. As shown in Fig. 3.12, after metal coating 
the sample is still clean according to Raman spectrum, without any 





Figure 3.12 | Au coated graphene flake by SiN mask. After Al foil coating, the surface is 
very dirty, and some SiO2 substrate around graphene is not well covered. 
 
This sample was further taken for APRES characterization and negligible 
charging effect was observed. As can be seen in Fig. 3.13, clear linear band 
dispersion is seen, representing a single-layer graphene feature. Moreover, the 
Fermi level is located at the Dirac point, indicating little charging effect from 
the underlying substrate which is as expected for exfoliated graphene. The data 
quality is high and the line width of the MDC is about 0.05 Å-1 which is 
comparable with the previous ARPES measurements on graphene with native 
oxide substrate.  
 




The most significant outcome is that we have developed an effective 
method of treating samples to meet the requirements for ARPES 
characterization. We believe that after coating metal on the exfoliated 
graphene on SiO2/Si substrate, one can easily measure the band dispersion of 
near free-standing graphene with negligible substrate effect. This would 
definitely resolve previous debates about the graphene band structure with 
different substrate effects. Since few groups have carried out APRES 
measurements on exfoliated graphene yet, the many-body effects investigation 
on ExG has been neglected in previous years of studies. Our method of 
solving the technical problem for APRES measurements is of particular 
importance in view of graphene electronic studies, and our work sheds light on 
graphene band structure studies. 
 
3.3 Summary  
In this chapter, the first ARPES measurements on charge neutral bilayer 
graphene by mechanical cleavage method have been explored on highly 
doped Si substrate with native oxide. We carried out accurate measurements 
of the ARPES signal and obtained the first full band mapping of bilayer 
graphene. The three-fold symmetry energy contour at other binding energies 
around the K point can be clearly seen and the contour shape of the π band is 
similar to ARPES results on SiC substrates. The tight-binding parameters can 
be determined from our experimental data. With the exception of γ1, all 
56 
 
parameters are comparable to those reported in earlier work. The difference 
can be assigned to the smaller screening effect of the Si substrate. This thus 
reduces the distance between the two layers and enhances the interlayer 
coupling. The other difference with epitaxial graphene grown on SiC is the 
absence of a band-gap between π and π* bands in free-standing exfoliated 
graphene. In epitaxial graphene systems, charge transfer between the substrate 
and graphene shifts the Fermi level well above the Dirac point. Thus, very 
little is known about the band structure of the unperturbed intrinsic bilayer 
system. In our exfoliated graphene, however, samples are charge neutral due 
to weak substrate interaction on the graphene samples.  
From a fundamental physics point of view, highly doped BLG behaves 
almost as an ordinary metal and is described by Fermi liquid theory. In 
undoped BLG, such as mechanically exfoliated BLG, this description is 
expected to break down: The system can be considered as quantum critical in 
the undoped case, where the Fermi level resides at the Dirac point and the 
system is gapless. Therefore, in this gapless system, we analyzed the many 
body interactions and, by extracting the width of the MDCs from our 
measurements, we found an anomalous behavior in the self-energy, which 
behaves linearly with energy. This is in clear contrast to the standard Fermi 
liquid theory and provides direct evidence for non-Fermi liquid quasi-particle 
behavior in bilayer graphene. We attribute this non-Fermi liquid, which is 
discovered for the first time, to the 2D quantum critical point of bilayer 
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graphene with no bias and no doping. Those findings are of considerable 
significance to the interpretations of many-body interactions between 
graphene quasiparticles. Furthermore, another important contribution from 
this work is that we solved the charging problem during photoemission 
process on exfoliated graphene. It opens a new way to characterize graphene’s 




Ferromagnetism observed in partially hydrogenated 
graphene 
 
Besides the exceptional electronic properties of pristine graphene studied 
under a variety of conditions3,5,7,55, such as in high magnetic fields and at 
ultralow temperatures99, there has been an explosion of interest in the 
remarkably versatile chemistry of graphene that could offer promising 
alternative physical/electrical properties 100-102. As such, research efforts on 
graphene have been dedicated not only to its intrinsic features, but also to 
graphene with chemical modifications, with the aims of breaking the sublattice 
symmetry to induce a band gap or doping the sample to achieve different 
Fermi level. This includes atoms or molecules being attached to the planar 
graphene surface via oxidization24,103-105, hydrogenation106-109 and 
fluorination110-112 of graphene. 
Chemical modifications on ideal carbon materials can be explained by the 
presence of a variety of impurities113, defects114-117 or boundaries118,119; one 
example of a simple and elegant way is to induce defects is via hydrogen 
chemisorptions. Owing to graphene’s strong covalent bond and its planar 
surface, hydrogenation can be done by irradiating graphene with a hydrogen 
plasma. By manipulating the conditions of the plasma, such as plasma power 
or exposure time, it is possible to tune, in a controllable and reproducible way, 
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the hydrogen coverage and its properties106,120. When graphene is exposed 
under the hydrogen plasma for a relative long time and the hydrogenation 
reaches its maxima, it is then called graphane121. Fully hydrogenated graphene, 
i.e. graphane, was predicted122 to be a semiconductor while graphene itself is a 
conductor. This metal to insulator transition was also demonstrated 
experimentally by both transport106 and ARPES measurements83.  
    With the help of shape tailoring as well as chemical modifications, 
graphene derivatives can be produced with much enhanced or even novel 
properties compared with pristine graphene. Numerous theoretical studies 
have predicted ferromagnetic or anti-ferromagnetic properties in graphene 
with periodic defects, in particular hydrogen atoms122-124. Partial 
hydrogenation-induced magnetism has being extensively explored 
theoretically, yet experimental evidence is lagging. The difficulties that lie in 
the realization of experimental measurements can be ascribed to the 
competitive effects of magnetic contributions from the low dimensional 
graphene sheet and the possible existence of magnetic impurities, such as iron. 
In this chapter, experimental studies on partially hydrogenated graphene 
were conducted with the main objective of comparing the magnetic properties 
of graphene samples before and after hydrogenation. In addition, the 
mechanism of hydrogenation induced ferromagnetism was investigated 




4.1 Sample preparation and experimental procedures 
In our experiments, we chose EpG grown on commercial single crystal 
4H-SiC(0001) wafers for the hydrogenation experiments138,139. It is possible to 
grow single crystalline and large size (centimeter scale in our experiments) 
EpG on non-magnetic SiC with a low density of structural defects. There are 
two main advantages of using EpG over other types of graphene materials, 
including: (i) the large area growth of EpG enables the reliable SQUID 
measurements; (ii) there is no possibility of magnetic transition metal 
impurities introduced during growth procedures (for example, no metal 
catalyst was used). In addition, EpG is grown on a supported SiC substrate and 
interacts weakly on one side with the buffer layer, which excludes the 
possibility of hydrogenation on both sides. By controlling the hydrogenation 
time, EpG can easily be partially hydrogenated. 
EpG was grown on a n-type Si-terminated 6H-SiC (0001) substrate. The 
sample was pre-etched with 10% HF solution. After thorough degassing in 
UHV, the sample was annealed at 850°C in a silicon flux to form a Si-rich 
3×3-reconstruction. Graphene can be grown by subsequent annealing at 
1200oC to 1300°C in the absence of a silicon flux2,126. The structure of EpG 
was confirmed by in-situ LEED, STM, and Raman spectroscopy. The EpG 
sample was then taken out for hydrogenation, which was realized by radio 
frequency hydrogen plasma treatment (10W, 1Torr) at room temperature127. By 
controlling the hydrogenation time, EpG can easily be partially hydrogenated 
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and turned into hydrogenated epitaxial graphene (HEpG). Magnetic 
measurements were performed ex-situ on EpG using a “Quantum Design®” 
SQUID before and after partial hydrogenation. Synchrotron-based NEXAFS 
measurements at the SINS beamline in the Singapore Synchrotron Light 
Source 128 and HREELS were employed to investigate the hydrogenation of 
EpG grown on SiC. For control experiments, SiC reference samples without 
graphitization were treated with hydrogen plasma simultaneously with the 
graphene samples, and no magnetic signal was detected after hydrogenation. 
Moreover, XPS and secondary ion mass spectrometry (SIMS) studies were 
performed on partially HEpG and reference samples [pristine SiC substrate, 
pristine EpG and hydrogenated SiC (HSiC)] after SQUID measurements to 
further confirm the absence of magnetic impurities.  
Figure 4.1 shows the Raman spectrum of one characterized EpG sample 
before and after hydrogenation67,129. Compared with the pristine graphene, the 
D peak at 1360 cm−1 after hydrogenation was much enhanced, suggesting an 
increase of defects sites. Such enhancement is most likely due to hydrogen 






Figure 4.1 | Raman spectra of EpG before and after hydrogenation. 
 
4.2 Magnetism studies by SQUID measurements 
The magnetic properties of these EpG samples together with the 
reference samples were characterized by SQUID with sensitivity better than 
5×10-8 emu. The magnetization (including EpG, HEpG and HSiC) 
development with the magnetic field without subtracting background is shown 
in Fig. 4.2. As can be clearly seen, magnetic moment of pristine graphene and 
HSiC (same as SiC which is not shown here) displays an inverse linear 
dependence with the magnetic field, indicating diamagnetism in these samples. 
In particular, a small but distinct hysteresis loop is observed for the HEpG 




Figure 4.2 | Magnetization with background of clean EpG (a) partially HEpG (b) and HSiC 
(c). 
To further confirm the magnetism in partially HEpG samples, the 
temperature dependence of the magnetization of partially HEpG was measured 
at 10 Oe, as shown in Fig. 4.3.a. As indicated from the curves, a divergence 
between 1000 Oe field cooling (FC) and zero field cooling (ZFC) clearly 
emerges starting around room temperature, revealing the magnetic nature of 
the HEpG sample130. Figure 4.3.b shows magnetization of HEpG versus 
applied magnetic field at room temperature for a field range from -500 Oe to 
500 Oe after subtracting a diamagnetic background. A prominent hysteresis 
loop is present with the value of saturation magnetization, MS, approaching 0.2 
μB per carbon hexagon or benzene ring. Despite the fact that the absolute value 
of HEpG magnetization only reaches 5×10-7 emu, it is relatively strong for a 
thin graphene film with nanometer thickness. Being around 50 times of MS of 
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the proton irradiated graphite131, the magnetism of HEpG is remarkably large 
for a pure carbon-based material.  
 
Figure 4.3 | (a). ZFC and FC data showing the temperature variation of magnetization of 
HEpG; (b). Magnetic hysteresis (in units of Bohr magnetons per benzene ring) of HEpG at 
300 K after subtracting the diamagnetic background. 
 
In order to rule out any contamination issue, SIMS studies, which can 
detect magnetic elements at very low (ppm or ppb) concentrations, were 
performed after SQUID measurements. After Si or C normalization, the 
impurity level of magnetized HEpG sample was found to be less than 1 ppm 
and within the noise level, indicating the absence of magnetic elements such as 
Fe, Co, Mn, Ni or Cr in the samples132. Furthermore, the magnetic samples did 
not show any significant deviation in the concentration of magnetic elements 
compared to the non-magnetic ones (pristine SiC substrate, pristine EpG and 
HSiC). The SIMS results strongly suggest that the ferromagnetism observed in 
HEpG samples is due to its intrinsic properties instead of magnetic impurities. 
The ferromagnetism observed in this partially HEpG is suggested to come 
from a disrupted π-bonding induced by hydrogen bonding with carbon atoms 
accompanied by the formation of unpaired electrons133; while in the case of 
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pure graphene, every carbon atom is sp2 bonded, resulting in a delocalized 
π-bonding network that leads to its non-magnetic character as shown in Fig. 
4.2.c. A detailed study of the mechanism of the partial hydrogenation-induced 
ferromagnetism in EpG is discussed in the following sessions based on our 
experimental results utilizing the surface characterization tools. 
 
4.3 Origin of magnetism observed in partially HEpG 
4.3.1 NEXAFS and HREELS investigations 
To investigate the hydrogen attachment mechanism on EpG and explore 
the origin of magnetism in HEpG, we carried out HREELS and NEXAFS 
experiments for HEpG as well as pristine EpG samples. HREELS is a surface 
sensitive technique that can be used to probe surface vibrations134. Energy loss 
spectra of electrons backscattered from EpG and HEpG surface at room 
temperature (~ 25°C) were acquired separately with an incident angle of 57°, 
as shown in Fig. 4.4. Except for the broadening of Fuchs-Kliewer (F-K) peak 
which originates from both graphitic structures and the SiC substrate 
itself135,136, a new peak appeared at 360 meV after hydrogenation arising from 
C-H sp3 stretching. This peak can be assigned to the vertical C-H bonding137, 




Figure 4.4 | EELS spectra collected in specular direction for EpG and HEpG. 
 
    To examine the reversibility of hydrogenated graphene after annealing at 
high temperature as previously reported in transport measurements106, a series 
of temperature dependent HREELS measurements were carried out. After 
hydrogenation, the HREELS measurements were performed at room 
temperature (25°C) and after annealing at different temperatures ranging from 
25°C to 1000°C. As shown in Fig. 4.5, the C-H stretching peak gradually 
diminishes with increasing annealing temperature and disappears at 
800-1000°C, indicating that adsorbed hydrogen atoms have been desorbed. In 
addition, the width of the F-K peak (appears at 123 meV-200 meV) decreases 
gradually with increasing annealing temperature and reaches a minima at 
1000°C. We note that the F-K peak position has been shifted relative to that on 
the bare SiC surface, and we propose that this shift comes from graphene 




Figure 4.5 | EELS spectra collected in specular direction for HEpG at different annealing 
temperature. 
 
    The covalent attachment of H atom on graphene results in the formation 
of sp3 hybridized bonding geometry, which can attenuate the delocalized π 
orbital. In principle, complete hydrogenation of EpG will lead to the 
disappearance of both occupied and unoccupied π orbitals of graphene, 
making it non-magnetic. However, with regard to partial hydrogenation, part 
of the delocalized π-network would still be preserved, facilitating long range 
coupling between net spin units (unpaired electrons) through the remaining 
percolating π-network122. NEXAFS, which monitors the resonant transition 
from the C1s core level to its unoccupied molecular orbitals, was performed to 
evaluate the hydrogenation of EpG by comparing the π* resonance peak 
intensity before and after hydrogenation59.        
Figure 4.6 shows the carbon K-edge NEXAFS spectra of clean EpG and 
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HEpG surface at grazing (G) and normal (N) incident angles (θ) of the linear 
p-polarized synchrotron light with respect to the surface plane. For pristine 
graphene in Fig. 4.6.a, the peak position of the π* band for G and N incidence 
at angle of incidence 20° and 90° respectively, is aligned at 285.3 ± 0.1 eV. 
The intensity of the π* absorption at grazing incidence is much stronger than 
that at the normal incidence, indicating that graphene lies flat on SiC. After 
hydrogenation, the intensity of the π* absorption at grazing incidence is largely 
suppressed as presented in Fig. 4.6.b. This reduction is mainly caused by the 
formation of C-H bonding that attenuates the delocalized π bonding network in 
EpG, consistent with our HREELS measurements. After hydrogenation, a peak 
at 287.6 eV appears at both grazing and normal incidence. In combination with 
the HREELS results revealing the appearance of the C-H stretching peak, this 
new peak can be assigned to the resonant excitation from C 1s core level to the 
C-H related unoccupied σ* band138. Therefore, partial hydrogenation results in 
the incomplete formation of hydrogen monomers on EpG. At the same time, 
the remaining percolating π bonding network after partial hydrogenation 
allows long range coupling between unpaired electrons, facilitating 




Figure 4.6 | a. NEXAFS spectra of clean EpG surface. b. NEXAFS spectra of partially 
hydrogenated graphene. 
 
4.3.2 Discussion on origins of magnetism observed in partially HEpG 
In pristine graphene sheet, valence electrons of the carbon atom comprise 
of one s orbital and three p orbitals, of which the s orbital and two p orbitals 
are hybridized (Fig. 4.7), forming covalent bonding. The remaining 
perpendicular pz orbitals form a delocalized π bonding network. The extensive 
π bonding network leads to its metallic and non-magnetic properties as 
confirmed by our SQUID measurements in Fig. 4.2. On the other hand, for 
fully hydrogenated graphene, the carbon atoms are sp3 bonded with hydrogen 





Figure 4.7 | Pristine graphene is sp2 hybridized (left) while sp3 hybridized (right) when 
attached with a foreign atom, such as hydrogen. 
 
To study the ferromagnetism observed in our partially hydrogenated 
graphene, the attachment of hydrogen atoms to the graphene surface has to be 
understood. Previous theoretical studies have proposed that ortho-dimers and 
para-dimers (Fig. 4.8) are more energetically favorable than single hydrogen 
attachment139. However, detailed configurations of hydrogen bonding on EpG 
surface have been studied by STM, where a considerable proportion of stable 
mono-hydrogenated carbon atoms have been observed where hydrogen is 
strongly bound to EpG140. Theoretical investigations have been performed on 
hydrogenated graphene and it was found that these monomers could generate 
localized magnetism123,141. Therefore, a possible origin of ferromagnetism in 
HEpG could be attributed to the monomer configuration of hydrogen atoms 
attached to graphene, as shown by the schematic in Fig. 4.8 (monomers 




Figure 4.8 | Schematic representation of hydrogenated graphene: different configurations 
of H atoms are indicated in different colors, i.e., ortho-dimers in yellow, para-dimers in blue 
and monomers in red. 
 
Our NEXAFS and HREELS measurements show that hydrogen atoms 
can be bonded to the carbon atom with the C-H bonding perpendicular to the 
graphene surface. Upon attachment with one hydrogen atom, the carbon and 
hydrogen atoms form a strong σ bond and break the extensive π bonding 
network (i.e., the sp2 hybridized carbon atom becomes locally sp3 
hybridized108,122), while the nearest neighbor carbon atoms remain sp2 
hybridized. Since one carbon atom breaks up the C=C bond to form a C-H 
bond, it leaves the unpaired electrons in the nearest neighbor carbon atom 
delocalized, which becomes the spin unit of ferromagnetism in partially 
hydrogenated graphene. In fact, the coupling between the magnetic moments 
could be either ferromagnetic or anti-ferromagnetic, depending on the defect 
configuration in the sublattice123. However, according to our measurements, 
only ferromagnetic signal is observed, and the reason remains unclear. 
The remaining π bonding network provides long-range coupling between 
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the localized spin units and gives rise to a magnetic sheet with structural 
integrity. This theory can also be applied to fully hydrogenated graphene 
where the π network is destroyed by complete hydrogenation and the 
long-range coupling between localized magnetic moments no longer exists.  
 
4.4 Summary 
In summary, room temperature ferromagnetism was observed in partially 
HEpG. A divergence between the FC and ZFC as well as the distinct loop in 
the magnetization strongly indicates the ferromagnetic character of our 
partially hydrogenated EpG. Hydrogenation was confirmed by HREELS 
experiments with the appearance of a C-H stretching peak. The mechanism of 
the observed ferromagnetism was explained by the formation of unpaired 
electrons during the hydrogenation process, together with the remnant 
delocalized π bonding network in the partially hydrogenated EpG. The 
fabrication of a variety of spintronic devices requires room temperature 
ferromagnetic semiconductors. By this controllable hydrogenation method we 
can turn graphene into a robust room-temperature ferromagnetic semiconductor, 
and open the possibility of making highly tunable graphene-based spintronic 
devices. In addition, it is suggested here that further experiments to investigate 






Surface modification of epitaxial graphene  
by MoO3 thin film  
 
To enable the fabrication of a variety of graphene-based devices, the 
modulation of its electrical properties is at the heart of this technology. In 
particular, graphene doping, which can tune the Fermi level as well as alter the 
electronic properties106,142,143, is a promising route to achieve this goal. In 
addition to using a tunable gate which relies highly on the thickness and 
dielectric constant of the insulating substrate,1,144-146 doped graphene can also 
be realized by surface modification with strong electron acceptor/donor147 or 
introducing foreign atoms/ molecules during the growth process143,148. 
 
 
Figure 5.1 | Position of ED and the Fermi level as a function of doping. 
 
P-type doping77,147,149,150 in graphene (as shown in Fig. 5.1), moves the 
Dirac point further into the unoccupied states away from the Fermi level, 
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whereas the n-type doping does the opposite30,37. In 2007, the pioneering 
experiment151 of graphene doping demonstrated with transport measurements 
that, by absorption of different gas molecules, graphene can be either n-type 
doped by NH3, or p-type doped by H2O or NO277. However, these adsorbed 
gas molecules are not thermally stable and hence not suitable for use in control 
experiments, and the procedure is difficult to implement in electronic device 
technology. In the same year, our group demonstrated effective surface charge 
transfer hole doping of EpG by modifying the graphene surface with 
tetrafluoro-tetracyanoquinodimethane (F4-TCNQ)147, a molecule possessing 
strong electron withdrawing properties152,153. While precise control of the 
doping level can be achieved by varying the surface coverage of F4-TCNQ, 
one disadvantage is its incompatibility with high-temperature processing 
owing to its limited thermal stability. Another hole doping route is using 
metallic ultrathin films with high electron affinity such as bismuth, antimony, 
and gold148. However, as with F4-TCNQ, those metallic atoms are not suitable 
for high-temperature processing, and may short-circuit the device by forming 
continuous metal films.  
In view of the these limitations, a thermally and chemically inert material 
suitable for high-temperature processing as well as standard lithography 
procedures is needed for graphene doping. In this chapter, I will demonstrate a 
new method of effective surface transfer hole doping of EpG by surface 




5.1 Surface transfer hole doping of epitaxial graphene using MoO3 thin 
film 
5.1.1 High work function transition metal oxide MoO3 
MoO3 and other transition metal oxide thin films have drawn 
considerable interest recently owing to improved performance in organic 
electronic devices when used as anode interlayers to improve the hole 
injection efficiency in organic light-emitting diodes (OLED)155-157. Due to its 
high work function and high electron affinity, MoO3 is widely used as a p-type 
dopant and effective hole injector158-160. Unlike surface transfer p-type 
molecular or metal dopants, the high work function transition metal oxide 
MoO3 is thermally and chemically stable154. It is therefore compatible with the 
harsh conditions in high-temperature processing as well as standard 
lithography for device fabrication154,161. In this chapter, MoO3 is selected for 
our doping experiments on graphene.  
MoO3 is an insulating transition metal oxide. In the gas phase, a 
molybdenum atom is at the center of three double bonded oxygen atoms. In 
the solid state, its structure is based on a series of weakly interacting bilayer 
structures which consist of two sublayers of distorted MoO6 octahedra162-164. 
The crystal structure of orthorhombic MoO3 together with the MoO6 distorted 




Figure 5.2 | a. Crystal structure of orthorhombic MoO3 consisting of a series of bilayer 
distorted MoO6; b. MoO6 distorted octahedra, Mo locates in the center of three pairs of 
oxygen atoms.165   
 
5.1.2 Sample preparation and experimental procedures 
EpG samples were prepared by thermal decomposition of a chemically 
etched n-type Si-terminated 4H–SiC (0001) sample (CREE Research Inc.) at 
1300°C in a UHV chamber. MoO3 was evaporated in situ from a Knudsen cell 
onto EpG at room temperature in the growth chamber. The nominal deposition 
rate of MoO3 (0.2 nm/min) was pre-calibrated by a quartz crystal 
microbalance and was further estimated by monitoring the attenuation in 
intensity of the Si 2p peak of bulk SiC before and after deposition. Since 
MoO3 was thermally evaporated from the K-cell onto the EpG film, it is 
difficult to grow single crystalline films. As a result, MoO3 was grown as an 
amorphous thin film on graphene. To study the surface morphology, atomic 
force microscopy (AFM) measurements were conducted on EpG surface 
deposited with different thicknesses of MoO3 thin films. Both the topography 
and phase images with 10 µm × 10 µm of scan areas are shown in Fig. 5.3. As 
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can be seen from the phase space images, MoO3 grows uniformly as a wetting 
layer covering the entire graphene surface. 
 
Figure 5.3 | Height and phase images of 10 µm × 10 µm AFM measurements on a. pristine 
graphene; b. graphene with 0.5 nm of MoO3; c. graphene with 5 nm of MoO3; d. graphene 
with 10 nm of MoO3. 
To examine the defects induced in graphene during thermal evaporation of 
MoO3, Raman spectroscopy (Fig. 5.4) measurements were conducted on 
graphene covered with MoO3 films of different thicknesses. By comparing the 
defect peak of pristine graphene and that of the MoO3 doped graphene, we can 
conclude that the MoO3 thermal evaporation process does not induce 





Figure 5.4 | Raman spectrum of pristine EpG (a), graphene with 0.5 nm deposition of 
MoO3 thin film (b), and graphene with 10 nm deposition of MoO3 thin film(c). 
 
5.1.3 PES and ARPES studies of MoO3 doped epitaxial graphene 
Synchrotron-based in situ PES and ARPES experiments were carried out 
at the surface, interface, and nanostructure science beamline and end station of 
the Singapore Synchrotron Light Source128. Vacuum level shifts were 
determined from PES spectra at the low kinetic energy onset (secondary 
electron cutoff) using photon energy of 60 eV with -5 V sample bias. 
Figure 5.5.a shows the evolution of PES spectra at the low-kinetic energy 
region during the deposition of MoO3 on EpG. The vacuum level of EpG upon 
the deposition of MoO3 was measured by linear extrapolation of the low 
kinetic energy onset (secondary electron cutoff) in the PES spectra. After the 
deposition of 0.2 nm (nominal thickness) MoO3, the work function increased 
from 4.3 ± 0.05 eV (clean EpG) to 5.1 ± 0.05 eV, or an upward shift of 
vacuum level by 0.8 ± 0.05 eV. The work function shift increased to 1.4 ± 0.05 
79 
 
eV when the MoO3 thickness was 0.8 nm. The changes in sample work 
function with MoO3 thickness is plotted in Fig. 5.5.b. The band bending 
contribution is determined from the subsequent core level XPS measurements.  
 
Figure 5.5 | a. Synchrotron PES spectra in the low-kinetic energy region (secondary 
electron cutoff) during the deposition of MoO3 on EpG. Spectra are measured with photon 
energy of 60 eV. b. The plot of the sample work function and C 1s of EpG as a function of 
the MoO3 coverage. 
 
After the deposition of MoO3 on EpG, the large work function difference 
between MoO3 and EpG leads to significant electron transfer from EpG to 
MoO3, and hence the formation of a large interface dipole and band-bending to 
align the Fermi level of EpG to the charge neutrality level of MoO3, as shown 
in Fig. 5.6. This hypothesis can be corroborated by measuring the vacuum 
level, or work function change, of EpG after the sequential deposition of 




Figure 5.6 | Schematic drawings for a. System layout for surface modification with high 
work function metal oxides MoO3, b. Interface energy diagram between MoO3 and 
graphene, and c. the model showing that the interfacial charge transfer between graphene 
and MoO3. 
 
Figure 5.7 shows the representative C 1s (Fig. 5.7.a), Si 2p (Fig. 5.7.b), 
and Mo 3d (Fig. 5.7.c) PES spectra as a function of MoO3 thickness on EpG. 
The C 1s spectrum of the clean EpG surface (bottom spectrum) is dominated 
by the EpG-related C 1s peak centered at binding energy of 284.4 ± 0.05 eV166. 
After deposition of MoO3, a gradual shift of the C 1s peak toward lower 
binding energy was observed. At higher MoO3 thicknesses of 0.8 nm, the 
EpG-related C 1s peak shifted by 0.7 eV to 283.7 ± 0.05 eV. This can be 
explained by the upward band-bending or p-type doping of EpG upon the 




Figure 5.7 | Synchrotron PES core level spectra during the deposition of MoO3 on EpG: a. 
C 1s, b. Si 2p, and c. Mo 3d. All spectra are measured with photon energy of 350 eV. 
 
Similarly to previously reported surface transfer doping of 
graphene56,147,148, the charge transfer at the MoO3 /EpG interface results in the 
accumulation of excess delocalized holes in the EpG layer. This causes an 
effective hole doping of EpG and the Fermi level shifts toward, or even below, 
the valence band of EpG. The observed large vacuum level shift of 1.4 eV 
originates from the convolution of upward band-bending (0.7 eV) in EpG and 
the interfacial dipole formed at the MoO3 /EpG interface. Figure 5.7.c shows 
that the Mo 3d5/2 core level is centered at the binding energy of 232.3 ± 0.05 
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eV during deposition, suggesting that it is in the Mo6+ form in fully oxidized 
MoO3167-169.  
In contrast, we did not observe apparent binding energy shift of the 
bulk-SiC related Si 2p peak (Fig. 5.7.b). This suggests that there is no 
significant charge transfer at the SiC/EpG interface during the deposition of 
MoO3, and the holes are mainly confined in the two-dimensional EpG layer. 
The wide band gap of 4H-SiC (3.2 eV) results in a high energy barrier (>2.5 
eV) that prevents holes from transferring from the EpG Fermi level to the 
valence band of n-type 4H-SiC, hence facilitating the confinement of holes in 
the EpG layer.  
The surface transfer p-type doping of EpG is further corroborated by 
ARPES measurements using a Scienta R4000 electron spectrometer. Figure 
5.8.a shows the ARPES measurements of the valence band structure around 
the K point of the pristine graphene Brillouin zone. Due to the charge transfer 
from the SiC substrate30,51, the as-grown EpG on SiC is electron-doped (n-type) 
with the Fermi level located 0.32 eV above the Dirac point. Hence the EpG on 
SiC substrate is naturally n-doped and the position of the Dirac point relative 




Figure 5.8 | Dispersion of π-bands for a. as grown graphene on 4H–SiC (0001) and b. after 
deposition of 0.2 nm MoO3, as measured by ARPES with photon energy of 60 eV and at 
room temperature. 
After deposition of 0.2 nm MoO3, the Dirac point clearly shifts toward 
the Fermi level by 0.1 eV, suggesting an upward band-bending induced by 
MoO3 modification and consistent with the C 1s core-level measurements in 
Fig. 5.7.a. Note that it is difficult to measure the ARPES spectra of MoO3 
films thicker than 0.2 nm, as the graphene signals will be attenuated by the 
MoO3 overlayer. 
 




Based on the linear dispersion of the DOS near the Dirac point (within 1 
eV)3, the charge charier concentration (electron or hole) of doped graphene 
can be estimated using Eq. 5.1, as follows:  
2
2
1( ) ( )
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N N E E
v            (5.1) 
where Ne (Nh) is the electron (hole) areal density, vF ≈ 106 m/s is the Fermi 
velocity of graphene, EF (ED) is the energy position of the Fermi level (Dirac 
point). The electron areal density of the as-grown EpG is about 0.7 ×1013 cm−2 
as estimated from Eq. 5.1. After the deposition of 0.8 nm MoO3 on EpG, this 
surface transfer p-type doping of EpG lifts the graphene band by 0.7 eV with 
respect to EF, and hence EF moves to 0.38 eV below the Dirac point, as shown 
by the schematic energy diagrams in Fig. 5.10. From Eq. 5.1, the areal hole 
density is estimated to be around 1.0 ×1013 cm−2, suggesting effective hole 





Figure 5.10 | Schematic energy diagrams show the effective surface transfer hole doping of 
EpG using MoO3 thin film. 
 
5.2 Summary 
    In this chapter, synchrotron-based in situ photoelectron spectroscopy 
investigations demonstrated the effective surface transfer p-type doping of 
EpG thermally grown on 4H-SiC(0001) via the deposition of MoO3 thin film 
on top. The large work function difference between EpG and MoO3 facilitates 
electron transfer from EpG (4.0-4.5 eV) to the MoO3 (~6.8eV) thin film. This 
leads to hole accumulation in the EpG layer with an areal hole density of about 





Fabrication and electrical characterization of p-type 
doped graphene using MoO3 
 
In the previous chapter, we have demonstrated how surface modification 
with MoO3 thin films on EpG results in effective p-type doing on graphene154. 
This opens up the possibility of controlling the charge carrier type and 
concentration in graphene electronic devices. However, a reliable and 
deliberate doping result100,170 comprises not only the creation of charge carriers, 
but also the maintenance of pristine electronic properties without too much 
loss of its conductivity. In this chapter, electrical transport measurements were 
conducted on modified ExG devices by PPMS with the aim of exfamining the 
modulation of the electronic properties of graphene after modification with 
MoO3 thin films. 
 
6.1 Electrical Measurements of Non-destructively p-type Doped Graphene 
using MoO3  
6.1.1 Sample preparation and experimental procedures 
In this study, ExG was selected for device fabrication and electrical 
transport measurements. ExG generally possesses higher mobility7,11 than 
other types of graphene which makes it much easier to observe QHE. 
Electrical measurements were performed on single layer ExG flakes deposited 
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on SiO2/Si substrate, patterned by standard e-beam lithography in a Hall-bar 
structure (5 μm × 3 μm) using Cr/Au (5/30 nm) as metal contacts (Refer to 
Chapter 2 for detailed fabrication process). The schematic of the graphene 
device is shown in Fig. 6.1. 
 
Figure 6.1 | Schematic illustration of graphene device layout with deposition of MoO3 thin 
film. 
 
After sample annealing at 200ºC to remove the PMMA residue, a 5 nm 
MoO3 thin film was thermally evaporated from a Knudsen cell on the 
graphene device at room temperature in an UHV chamber. Raman 
spectroscopy measurements were also performed on the ExG device before 
and after MoO3 deposition, as shown in Fig. 6.2. It is found that the relative 
peak intensity of the 2D peak versus the G peak (I2D/IG) ratio remains almost 
the same before and after MoO3 deposition. Moreover, we did not observe any 
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apparent D peak after MoO3 modification68, revealing the non-destructive 
nature of the MoO3 doping approach. 
 
Figure 6.2 | Raman spectra of graphene sample after scratch and after device fabrication 
and MoO3 modification. 
 
A stencil mask was placed on the sample before thermal evaporation of 
MoO3 thin film to avoid the contamination to the metal pads, and hence 
ensuring better electrical contact with external electrodes during transport 
measurements. Optical pictures of one sample are shown in Fig 6.3 after 
PPMS measurements. Some parts of the metal were damaged due to the large 
current measurements in vacuum; nevertheless they had no effect on the 
measurements results. The large black dots shown on the metal pads are the 






Figure 6.3 | 2.5× (a) and 100× (b) optical pictures of MoO3 modified graphene devices. The 
green and transparent area shown in (a) is a thermally evaporated MoO3 thin film.  
 
6.1.2 Quantum Hall and magneto-resistance measurements of MoO3 
doped epitaxial graphene 
Transport measurements were carried out in PPMS on the graphene 
Hall-bar patterned device before and after MoO3 deposition. A small AC 
current (Isd = 100 nA) was applied through the sample and the transverse 
voltage, i.e. Hall voltage (Vxy), as well as the longitudinal voltage (Vxx) were 
measured during a magnetic field sweep (-9 T to 9 T) at 2 K. Figure 6.4.a 
shows the Hall resistance Rxy and the magneto-resistance Rxx of MoO3 
modified graphene as a function of magnetic field. At low magnetic field, the 
Hall resistance develops linearly with the field B, and the charge carrier 
density is calculated from the Hall resistance slope by171: 
1 xydRn
e dB
                 (6.1). 
After MoO3 deposition, the charge carrier density n reaches 1 × 1012 cm-2 with 
a charge carrier type of holes, indicating a p-type doping effect, and consistent 
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with our previous PES study154. However, the charge carrier density obtained 
by transport measurements is one order of magnitude lower than that 
determined by ARPES measurements (1 × 1013 cm-2). The reduction of the 
doping level may be ascribed to the contamination from air exposure which 
will be discussed later. Based on this charge carrier density, its mobility can be 




                (6.2), 
where L and W represents the length and the width of Hall bar geometry. Here, 
the mobility of MoO3 doped graphene is obtained as 7300 cm2 V-1 s-1 at 2K 
and 6150 cm2 V-1 s-1 at 300K respectively. These values are slightly lower 
than those of pristine graphene, which is 8700 cm2 V-1 s-1 at 2K, and 7300 cm2 
V-1 s-1 at 300K (Table 6.1).  




Graphene doped with MoO3 (2K) 9.37 x 1011 cm-2 7400 cm2V-1s-1 
Pristine Graphene (2K) 5.72 x 1011 cm-2 8120 cm2V-1s-1 
Graphene doped with MoO3 (300K) 1.04 x 1012 cm-2 6670 cm2V-1s-1 
Pristine Graphene (300K) 6.19 x 1011 cm-2 7500 cm2V-1s-1 
Table 6.1| Computed charge carrier densities and charge carrier mobilities of the graphene 
device, before and after modification with MoO3 ultrathin film, at 2 K and 300 K. 
 
The mobility reduction may be ascribed to the defect scattering induced by the 
MoO3 particles sitting on the graphene surface. On the other hand, the 
mobility is still large enough for the observation of quantum Hall effect as 





Figure 6.4 | (a) Quantum Hall effect and SdH oscillation of MoO3 modified graphene (b) 
Hall resistance measured at 2 K before and after MoO3 modification. 
 
Apart from the presence of Shubnikov-de Hass (SdH) oscillations in the 
magneto resistance Rxx,11 a prominent plateau and a small plateau are 
exhibited in the Hall resistance, which are the hallmarks of the QHE 7: In a two 
dimensional electron system, the Hall resistance possesses quantized values of 
h/(e2υ), where υ is the integer filling factor. However in single layer graphene, 
the QHE is different from the conventional QHE as it shows half-integer 








                   (6.3), 
where n is the Landau level (LL) index and the four-degeneracy is caused by 
both the spin and the sublattice degeneracy11. From this formula, we can 
deduce that the two plateaus observed in the positive magnetic field represent 
n = -1 and n = -2 (corresponding to υ = -6 and υ = -10) respectively, where the 
minus sign indicates hole-like LL. The well-defined QH states suggest our 
graphene samples still retain the high mobility and the unique electronic 
properties of pristine graphene after doping. This is consistent with the Raman 
spectroscopy measurements in Fig. 6.2 and confirms the non-destructive 
nature of the p-doping through MoO3 surface modification.  
As compared with pristine graphene, the positions of the resistance 
plateaus are shifted to higher magnetic field after MoO3 modification as shown 
in Fig. 6.4.(b). The shift is most possibly caused by the change in EF, which is 
a determinant factor for the positions of QH plateaus3. In graphene, the Hall 
resistance Rxy exhibits plateaus when an integer number of LL is fully 
occupied, i.e. the EF is located between the n and n+1 LL; when EF moves 
across a LL, Rxy jumps by an amount of 4e2/h. Therefore, the position of the 
plateau can be adjusted by tuning the EF and the LL energy is given by 172: 
2sgn( ) 2n FE n e v n B 
              (6.4). 
For MoO3 doped graphene, the LL energies are identical to the pristine 
graphene at the same magnetic field. Thus the shift of the QH plateaus’ 
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positions can only be ascribed to the different EF before and after MoO3 
evaporation. The MoO3 modification induced p-type doping shifts the EF 
further away from the Dirac point, hence causing the position of QH plateau to 
move towards larger magnetic field. This applies also for the shift of the SdH 
oscillations in the longitudinal direction as shown in Fig. 6.5. The longitudinal 
voltage for the graphene-based devices was measured at a low temperature of 
2 K with a sweep of magnetic field from 0 T to ± 9 T.  
 
 
Figure 6.5 | Comparison of the magneto resistance plots of the graphene device, before and 
after the surface modification of MoO3 ultrathin film, at 2 K and under high magnetic field 
of 9 T. 
 
6.1.3 UPS studies on air exposure effect 
It has been reported that air exposure can significantly degrade the doping 
level of MoO3 modified organic semiconductors.173,174 In order to examine the 
air exposure effect on doping, an in-situ UPS experiment on MoO3 modified 
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CVD graphene was performed. Figure 6.6 shows the UPS spectra at the low 
kinetic energy region of 5 nm MoO3 deposited CVD graphene before and after 
exposure to air for 2 hours, with pristine CVD graphene as a reference. The 
vacuum level (VL) was measured by linear extrapolation of the low-kinetic 
energy onset (secondary electron cutoff) in the UPS spectra. After deposition 
of 5 nm (nominal thickness) MoO3, the VL showed an upward shift by 2.4 eV, 
i.e. the work function increased from 4.4 eV (pristine CVD graphene) to 6.8 
eV (MoO3 modified graphene). This is induced by the large work function 
difference between graphene and the MoO3 thin film, indicating a large doping 
effect. However, after 2 hours exposure to air, a downward shift of VL by 1.4 
eV was observed, and the work function was reduced from 6.8 eV to 5.3 eV. 
This reduced work function suggests that air exposure can significantly 
degrade the doping level of MoO3 modified graphene devices. This can also 
explain the discrepancy in hole concentration of MoO3 modified graphene 
from different measurements, i.e., a low concentration of 1 × 1012 cm-2 from 
current electrical measurements for 5 nm MoO3 modified graphene; while a 
higher concentration of 7 × 1012 cm-2 from previous in-situ PES measurements 





Figure 6.6 | UPS spectra at the low-kinetic energy part for (a) pristine CVD graphene, (b) 
after MoO3 deposition in UHV conditions, and (c) after air exposure of MoO3 modified 
graphene for 2 hours. 
 
6. 2 Summary 
In conclusion, electrical transport measurements were performed to 
demonstrate that surface modification with MoO3 can effectively and 
non-destructively p-type dope graphene. Quantum Hall effect in graphene 
devices was observed after MoO3 modification, and the p-doping effect was 
further confirmed from the shift of quantum Hall plateaus. The effect of air 
exposure on the MoO3 induced doping of graphene has been evaluated by 
in-situ UPS measurements. It is found that air exposure can significantly 
reduce the doping level of MoO3 modified graphene sheet, and hence result in 
a hole concentration of ~ 1 × 1012 cm-2 after the surface modification with 5 
nm MoO3 film. Our results suggest that by developing a suitable encapsulation 
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method, it might be possible to achieve higher hole concentration in MoO3 




Conclusions and outlook 
7.1 Thesis summary 
This thesis explored the band structure, electronic and magnetic 
properties of graphene and surface-modified graphene. Two main types of 
graphene - ExG and EpG grown on silicon carbide - were investigated to 
understand their intrinsic properties. After hydrogenation or surface 
modification with high work function MoO3 film, various promising electronic 
and magnetic properties distinct from pristine graphene have been revealed.  
    We performed ARPES measurements on charge-neutral bilayer graphene 
isolated by mechanical cleavage method on highly doped Si substrate with 
native oxide, and obtained the first full band mapping of pristine bilayer 
graphene. The clear bilayer dispersion and three fold symmetry of the energy 
contour indicates the high quality of our data as well as the similarity between 
ExG and EpG grown thermally on SiC. The main difference between ExG and 
EpG is the absence of a band-gap between the π and π* bands in free-standing 
ExG. We observed, in undoped and gapless ExBLG, and for the first time in a 
graphene system, the marginal-Fermi liquid quasi-particle behavior, where the 
self-energy behaves linearly with binding energy. These findings are of 
considerable significance to the interpretation and understanding of 
many-body interactions between graphene quasiparticles. Another significant 
contribution from this work is that we have developed a sample preparation 
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method to solve the charging problem during photoemission process on ExG, 
which allows more convenient ARPES measurements of the intrinsic band 
structure of small samples of exfoliated graphene. 
In Chapter 4, an experimental study of partially hydrogenated epitaxial 
graphene was presented. SQUID measurements were utilized to study the 
magnetic properties of pristine and hydrogenated graphene. We found that 
after partial hydrogenation, graphene exhibits ferromagnetism as deduced 
from the FC and ZFC divergence and a clear hysteresis loop in the 
magnetization plot. HREELS and NEXAFS were utilized to study the 
structure of hydrogen attachment on graphene and the origin of its 
ferromagnetism. HREELS measurements revealed a C-H stretching peak, 
indicating the successful attachment of hydrogen atoms to graphene. The 
observed ferromagnetism is suggested to be induced by the formation of 
unpaired electrons, together with the remnant delocalized π bonding network 
in the partially hydrogenated EpG. Utilizing this controllable hydrogenation 
method, we can turn graphene into a robust room-temperature ferromagnetic 
semiconductor, and open the possibility of making highly tunable 
graphene-based spintronic devices. 
In Chapter 5, we investigated the effective surface hole doping of 
epitaxial graphene using a high work function MoO3 thin film. The deposition 
of MoO3 on ExG induces significant electron transfer from the graphene layer 
to the MoO3 film, resulting in a hole accumulation layer in graphene. As 
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revealed by synchrotron-based high resolution PES studies, after deposition of 
0.8 nm MoO3, the work function of EpG increased by 1.4 eV and the 
graphene-related C 1s peak shifts toward lower binding energy by 0.7 eV. This 
effective surface transfer p-type doping of EpG results in the Fermi level 
moving to 0.38 eV below the graphene Dirac point. In comparison to other 
surface transfer dopants such as F4-TCNQ molecular film or metallic Au, Bi 
film, MoO3 possesses excellent chemical stability in harsh environments such 
as in air or solution, and therefore has great potential in graphene based 
nanoelectronic devices fabricated using standard lithography processes. 
Chapter 6 extends this work from epitaxial graphene to ExG and CVD 
grown large area graphene to confirm the doping effect of MoO3 thin films by 
electrical transport measurements. Hall-bar patterned devices were fabricated 
on ExG and the electrical transport measurements were conducted in a PPMS 
with varying magnetic field. We observed that p-type doping via MoO3 
modification of graphene can lead to the downward shift of Fermi level 
towards the valence band; at the same time, MoO3 modified graphene retains 
its high charge carrier mobility, facilitating the observation of the quantum 
Hall effect. By performing an in-situ ultraviolet photoelectron spectroscopy 
study, we also found that air exposure of MoO3 modified graphene can largely 
reduce the doping efficiency. Our results suggest that by developing a suitable 
encapsulation method, it is possible to achieve higher hole concentration in 




7.2 Future work  
In the first part of the thesis, we have studied the band structure and many 
body interactions in charge neutral ExBLG on native oxide Si substrate. 
However, there are also many unanswered questions to address regarding the 
band structure studies of pristine graphene. In addition to the ARPES 
measurements on bilayer graphene, we can do future work on single layer 
graphene which is equally interesting. To perform such ARPES studies on 
small ExG samples, we need to solve the low efficiency of locating the sample 
on a native oxide Si substrate. One approach of surrounding the sample by 
metal is suggested in the thesis which could solve this problem. Studying the 
band structure of pristine graphene is essential to study the many body effects 
in this two dimensional crystal and, until now, this area is still less investigated 
as previous ARPES measurements were performed on graphene with 
supported substrates. We believe that, by detailed analysis of band structure 
studies utilizing ARPES, many unsolved questions would be answered, and 
other new and interesting issues would also arise. 
In the second part of this thesis, we have discussed hydrogenated 
graphene as well as surface modification of graphene with a strong electron 
donor MoO3. There are also various different methods of chemical 
modification, such as gas plasma treatment or doping with other molecules. 
However, in addition to modifying the intrinsic physical and electronic 
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properties of graphene, much work is needed to develop applications from 
chemically modified graphene, such as applications in gas sensors, 
optoelectronic devices, energy storage, and in the field of medicine/biology. 
One proposed future work related to the applications of chemically modified 
graphene is to utilize their ferromagnetic properties for spintronic devices. For 
example, hydrogenated graphene exhibits ferromagnetism compared with 
pristine graphene. Pristine graphene possesses long spin relaxation times and 
weak spin-orbit coupling, making it an excellent spin transport layer. Hence, it 
may be possible in the future to fabricate all-graphene spin transistors, opening 
up a new field of flexible spintronic devices. With the help of standard 
lithography processes, selected areas of the graphene surface may be 
chemically modified to allow the fabrication of spintronic devices. 
There are also several problems to address these two kinds of chemical 
medications to graphene: First, though partially hydrogenated graphene exhibit 
magnetization loop by SQUID measurements, yet no butterfly loop of 
magneto resistance is detected by PPMS. One possible reason may be due to 
the small magnetization from the thin film. Last but not least, as mentioned in 
Chapter 6, air exposure can significantly reduce the doping level of the MoO3 
modified graphene sheet. However, devices have to be operated at ambient 
conditions for commercial or industry use. Hence, developing a suitable 
encapsulation method to achieve higher hole concentration in MoO3 modified 
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